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Abstract  
The levels of arsenic (total and species) and other trace elements in natural waters of Argentina were 
analysed using inductively coupled plasma mass spectrometer (ICP-MS). In addition, a method was 
developed for the determination of Mo in waters using graphite furnace atomic absorption spectrometry 
(GFAAS) with an added palladium chemical modifier. The analysis of Mo in certified reference 
materials and water samples using both methods confirmed no statistical difference using a paired t-test 
(tcal = 0.276; tcrit = 2.160, df: 14 at p<0.05). Arsenic total levels (AsT) in groundwaters followed the 
order; central-north La Pampa (48.82-1442.60 µg/l) > south-east La Pampa (17.66-319.39 µg/l) > 
southern Buenos Aires (39.6-189.4 µg/l) > Río Negro/Río Colorado (1.03-38.66 µg/l). The distribution 
of As species (using a field-based solid phase extraction method) were significantly different between 
the sampling regions. In most of the study areas the groundwater exceeded 10 µg/l AsT (World Health 
Organisation guideline for drinking water) and can be deemed to be not fit for human consumption 
since the calculated hazard quotient (HQ) >1. Apart from As, Mo and V also showed higher levels in 
groundwaters relating to the historical deposition of volcanic ash within the Chaco-Pampean plain of 
Argentina. The groundwaters from La Pampa ranged from 10 to 84 µg/l Mo. Surprisingly, one farm 
well south of Eduardo Castex (central-northern La Pampa) used for cattle drinking water had 1381.66 
µg/l Mo. Significant positive correlations were found for As, Mo and V between groundwaters used on 
agricultural lands and the associated soils and pastures. The arsenic concentrations in groundwaters 
were found to be statistically correlated (r > 0.5) with the corresponding soils (total and exchangeable 
fraction) and plants (leaves and roots) at p < 0.01. Based on a sequential extraction method for soils, the 
uptake of arsenic from the soil exchangeable fraction by plants was found to be statistically correlated 
(rleaves = 0.5 and rroots = 0.7 at p < 0.01). Furthermore, the use of local groundwaters for food preparation 
(washing and cooking) alters the elemental composition of local foodstuffs (carrots, potatoes, onions 
and rice). The transfer of As, Mo, V, Mn, Fe, Cu, Zn from the water to foodstuffs was found to be 
dependent on the levels in the water, washing steps and the cooking process (time and method). A 
higher uptake of As, Mo and V by foodstuffs was observed when cooking with highly ‗contaminated‘ 
groundwaters, especially for rice. This may significantly increase the daily dietary intake of these 
elements as a function of food consumption. However, drinking water (2 l/day) is still considered the 
main contributor to the total daily intake of As, Mo and V for the local residents who rely upon 
groundwater as their source for drinking and cooking due to the lower Argentine food consumption rate 
(38 - 196 g/day). Similar trends were observed in West Bengal, India involving rice production and 
preparation (washing and cooking). Elevated levels were observed for As, Mn and Fe for all sample 
types (plants, soils, raw and prepared rice) in relation to the use of local groundwaters. Consumption of 
cooked rice (500 - 750 g/day) was observed to be the major contributor to the total daily dietary intake 
of As, Mn and Fe (depending on the rice variety) in the Indian study area when the local groundwater 
(94 µg/l AsT) was used in the preparation of rice, especially for local grown rice varieties.  
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 Background of research 1.0
Arsenic (As) has long been known to be a poison and is referred to as an effective homicidal 
and suicidal agent during the middle Ages and Renaissance. In the late 18
th
 century, the 
discovery of a Fowler‘s solution that contained 1% potassium arsenite was found to be 
beneficial in the treatment of certain ailments, such as, malaria, syphilis, asthma, chorea, 
eczema and leukaemia (Hughes et al., 2011). Later, arsenic was commercially used as a 
pigment in many products, including wallpapers that lead to the unintentional arsenic 
poisoning of individuals. The reason for this was due to the biotransformation of some 
arsenic compounds by molds resulting in the production of a toxic arsenic gas (Cullen, 2005). 
During the 19
th
 century, pesticides containing inorganic arsenic compounds were massively 
applied to agricultural land, especially cotton fields and fruit orchards. Although this 
agricultural pest control treatment has now been stopped arsenic has been identified as an 
environmental contaminant due to the persistence of arsenic-based pesticides in the 
environment (Peryea, 1998). In addition, the input and distribution of arsenic  as a result of 
mining activities has enriched the levels of As in the environment (Mandal & Suzuki, 2002; 
Nordblrom, 2002).  
During the early and middle years of the 20
th
 century, the possible effects of arsenic exposure 
in humans was linked to the ingestion of As-contaminated groundwater, as documented in 
Argentina, Taiwan and Mexico (Mandal & Suzuki, 2002). In the late 20
th
 century, similar As-
related health problems were observed in South-East Asia, namely West Bengal (India) and 
Bangladesh (Chatterjee et al., 1995; Smith et al., 2000). This resulted in an increase in the 
number of studies investigating arsenic levels (and chemistry) in the environment and 
humans of these regions. This was of importance due to the millions of individuals in these 
Asian communities who were reliant upon groundwater sources suspected of elevated As 
levels. Many of these studies reported that arsenic was mainly found in groundwaters in the 
inorganic form, namely arsenite, (As
III
) and arsenate (As
V
), which represent the most toxic 
species of arsenic (Jomova et al., 2011). Thus, the ingestion of As-enriched drinking water 
was identified as a new manifestation of arsenic poisoning in humans. Arsenic was found to 
cause skin lesions in the early stages of exposure. Furthermore, multiple organ cancers (e.g. 
skin, bladder and lung), neurological effects, hypertension, cardiovascular, pulmonary and 
peripheral vascular diseases, and diabetes mellitus were identified after long term As-
exposure (Smith et al., 2000; Chakraborti et al., 2017; Bhowmick et al., 2018). Based on the 
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increasing amount of epidemiologic evidence linking As- exposure to several human cancers, 
national (The United States Department of Health and Human Services, HHS and 
Environmental Protection Agency, USEPA) and international (The International Agency for 
Research on Cancer, IARC) authorities have classified arsenic as carcinogenic to humans 
(ATSDR, 2007b). Furthermore, in 1997, the Agency for Toxic Substances and Disease 
Registry ranked arsenic as the first contaminant on the substance priority list. This was based 
on the frequency of As occurrence in the natural environment, factors influencing toxicity 
and the potential public health problems associated with exposure to arsenic at National 
Priority List (NPL) Superfund sites (Mukherjee, et al., 2011; ATSDR, 2017). At present, 
raised levels of arsenic in natural waters have been reported in 105 countries across the 
world, with 226 million people being estimated to be affected by As-related problems 
(Murcott, 2012) as the concentration in water has been measured at unacceptable levels above 
the safety guideline limit for As (10 µg/l As) in drinking water as set by the World Health 
Organisation (WHO, 2011a). The main sources contributing to the raised levels of dissolved 
arsenic in the hydrologic environment are from natural (volcanic activities, hydrothermal 
reservoirs and Quaternary loess sediments, geogenic coal and the reductive dissolution of 
iron oxyhydroxide), or anthropogenic sources (mining, petroleum extraction, wood 
preservatives, agrochemical pesticides, industrial coal combustion, smelting, etc (Murcott, 
2012).   
The scarity of surface water (quantity and quality) in many parts of the world has made 
groundwater the critical source for drinking water, and for usage in domestic and agriculture 
situations. Unfortunately, the natural occurrence of high As levels in groundwater has created 
many reported human health problems (Smith et al., 2000).  Since 1997, about 5031 peer-
reviewed scientific publications have been generated in the Web of Science collection, as 
discovered through browsing this site using the keywords of ―arsenic in groundwater‖ (Web 
of Science, 2017). The growth of publications in the field of medical geology (Duker et al., 
2005), a discipline that deals with the impact of natural geological and environmental risk 
factors on the health problems of humans and animals, have further increased the global 
concern of arsenic in groundwaters (Table 1.1). In particular, during the last 20 years, West 
Bengal (India) and Bangladesh have been documented as the most affected arsenic-incident 
regions in the world due to the naturally occurring arsenic in groundwaters associated with 
sedimentary aquifers (Smith et al., 2000; Mandal & Suzuki, 2002; Nordblrom, 2002). The 
high levels of arsenic in these waters relate to the Holocene age with aquifer layers that 
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contain micaceous sands, silts and clays that were deposited by the floodplain of the Ganges 
and Brahmaputra rivers. Both of these water systems originate from the Himalayan 
Mountains and Tibetan Plateau (Chakraborti et al., 2013). As such, the aquifer sediments in 
both regions are capped by a layer of clay or silt (of variable thickness) which effectively 
restricts the entry of air to the aquifers (Smedley & Kinniburgh, 2002). This has produced a 
reducing environment that favours the dissolution of ferric-oxyhydroxide containing sorbed 
arsenic (alluvial sediment), mediated by metal-reducing bacteria (Nath et al., 2011; 
Bhowmick et al., 2018). The sedimentary and surface derived dissolved organic carbon 
levels, especially under the extensive pumping of groundwater, have triggered the reductive 
dissolution mechanisms that have led to the release of arsenic into waters of these regions 
(Bhowmick et al., 2018).  
Interestingly, 1212 of 5031 publications (based on the searched of Web of Science) have 
reported studies from these two regions of Asia. Moreover, human health problems have been 
directly linked to the abstraction and consumption of groundwater with raised levels of 
geogenic arsenic through the use of tube wells (Chatterjee et al., 1995; Chowdhury et al., 
2000; Chakraborti et al., 2015; Chakraborti et al., 2017). In addition, the number of 
publications associated with arsenic-contaminated irrigation water, used in crop (rice) 
production, have significantly increased in the last 10 years (Rahman & Hasegawa, 2011; 
Bhowmick et al., 2018). Many of these studies have reported that residents in such As-
contaminated regions not only suffer from cases of As toxicity via the consumption of 
drinking water, but additionally through exposure to As-accumulated foodstuffs. This is 
especially true in Asia where cooked rice is the major food crop that is highly consumed in 
daily life. Even when the concentration of As in water was low (due to the installation of As-
treated water devices), an estimation of the daily intake of arsenic remains high since cooked 
rice is the major source of As (based on individual rice consumption rates of 500 – 750 g 
cooked rice per day) (Roychowdhury et al., 2003). Therefore, such conditions have exposed 
millions of people (Table 1.1) to arsenic-related health problems through the ingestion of 
drinking water and food associated with exposure to As-rich groundwaters. 
In another part of the globe, the Chaco-Pampean plain of Argentina has been reported to lead 
to high levels of geogenic As poisoning in humans (Bundschuh et al., 2011). This plain 
covers an area of over 1.0 x 10
6 
km
2
 and represents the largest area recognised with having 
the highest As water levels in the world (Table 1.1) (Nicolli et al., 2012). The geological 
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setting and hydrogeochemistry of the Chaco-Pampean plain is different from that of West 
Bengal. In this South American region, the primary source of elevated As levels in 
groundwaters is derived from Quaternary deposits of loess sediment (coarse-grained, mainly 
silt) that is intermixed by eolian and fluvial processes with rhyolitic or dacitic volcanic ash 
(0.05 - 2 cm thick) during the Holocane age (Smedley et al., 2002). This volcanic ash is 
mainly derived from the Quiza Pu eruption in 1932 and contains high levels of As and other 
associated trace elements (e.g, Mo, V, U). The loess deposits also contain abundant 
secondary carbonates, in the form of calcrete layers ( ≥ 1m thick) or locally known as ‗tosca‘, 
which have contributed to a decrease in the regional permeability of the surface (resulting in  
semi-arid conditions) (Smedley et al., 2002; Smedley et al., 2005). It has been postulated that 
the dissolution of volcanic glass, silicate hydrolysis and the desorption of As and other 
associated elements from the surfaces of Fe, Al and Mn oxide and oxyhydroxide sediments 
has contributed to the primary release of the mention elements into aquifers. This is further 
enhanced by oxidising conditions and at relatively high pH levels (typically >8). In addition, 
the dry climate of this region may also influence the mobilisation and accumulation of 
arsenic, especially in shallow aquifers, due to the evaporative process near the surface. Such 
conditions and factors have led to the elevated As levels (>1000 g/l As) in the groundwaters 
of many Chaco-Pampean communities (Smedley et al., 2005; Nicolli et al., 2010; Bundschuh 
et al., 2011; Nicolli et al., 2012).  
In Argentina, the limit set for arsenic in drinking water was revised in 2007 from 50 g/l As 
to 10 g/l As due to concerns about local human health problems (Bundschuh et al., 2011). A 
major problem with this area of Argentina is the lack of water treatment facilities in rural 
communities. Moreover, with a semi-arid climate there is also a shortage of surface water 
(Smedley et al., 2002). Thus, As-contaminated well waters are continuously used for the 
irrigation of agricultural land and the watering of livestock. Moreover, these wells are the 
prime source of drinking water for rural farms and communities. This situation relating to As-
exposure is also exacerbated by the use of high As-containing water for domestic purposes, 
including food preparation and cooking. As such, many individuals in Argentina are therefore 
exposed to high levels of arsenic and other associated oxyanions, including molybdenum and 
vanadium, due to the local geochemistry of the region (O‘Reilly, 2010, Farnfield, 2012, Lord, 
2014.). These two oxyanions are not commonly found in the reducing groundwaters of West 
Bengal and Bangladesh. Moreover, high arsenic exposure may be associated with local 
human health problems (skin cancer, diabetes and stress-related disorders) (Farnfield, 2012 & 
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Lord, 2014). Interestingly, although many studies have reported the levels of geogenic As in 
local goundwaters of this region of Argentina (Nicolli et al., 2012), the amount of data is 
considerably smaller than that for India and Bangladesh. To date, only 91 scientific 
publications (Web of Science, 2017) have reported the global levels of arsenic in 
groundwaters.  
Unlike the Asian As-endemic countries, the research in Argentina has primarily focused on 
arsenic in drinking water (Bundschuh et al., 2011) with little information on human arsenic 
exposure through other environmental media (soil and plants) and the food chain (Bundschuh 
et al., 2012; Pérez-Carrera et al., 2016). However, various studies have reported data for other 
As-endemic countries in Latin America, such as Mexico (Rosas et al., 1999; Del Razo et al., 
2002) and Chile (Muñoz et al., 2002; Díaz et al., 2004; Diaz et al., 2015), which also suffered 
from the geogenic As-contamination of groundwater. In general, these studies have made it 
clear that there is a need to evaluate the transference of As and other associated trace 
elements from environmental media (soil and water) to plants (crops) and foodstuffs. 
Furthermore, this is very important for Argentine provinces, such as La Pampa, where there 
have been previous reports of As levels > 1000 g/l in well waters (O‘Reilly, 2010, Farnfield, 
2012). Moreover, these few studies have also found raised levels of other elements, namely, 
V, Mo, Sb, Fe, Mn, Se and U in groundwaters. Such naturally contaminated Argentine 
groundwaters are used as the source for drinking water, agricultural irrigation and for 
domestic purposes, including the washing and cooking of foodstuffs. To date, no previous 
investigation has reported the relationship of trace elements along the pathway of water-soils-
plants, or the impact of using locally As-rich groundwaters in food preparation (washing and 
cooking) in such As-endemic communities of Argentina. The information from such studies 
could be used to provide a valuable insight into food safety following human consumption of 
arsenic (and other trace elements) in waters and foodstuffs. Moreover, this thesis will 
evaluate the difference in arsenic exposure in India and Argentina, in the light of different 
water qualities (including the magnitude and speciation of arsenic and other trace elements), 
food processing (washing and cooking), consumption of different foodstuffs and the overall 
impact on dietary As intake by the local communities.  
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Table 1.1 The naturally arsenic groundwater problem in the worldwide. 
 
Country Area 
(Km
2
 x 10
5
) 
 
Estimated 
exposed 
population 
(millions) 
Arsenic in 
drinking 
water 
(μg/l) 
Groundwater conditions References 
Argentina 10.0 2.0 – 8.0 < 1 to 15000 Holocene and Quarternary loess sediments with rhyolitic 
volcanic ash, oxidising aquifers, neutral to high pH, high 
alkalinity. Groundwaters often saline. Arsenic predominantly 
present as iAs
V
, with other elevated concentrations of B, V, 
Mo and U.  
Smedley & Kinniburgh, 
2002; Nicolli et al., 2012 
Bangladesh 1.48 58 < 10 to 4730 Holocene alluvial/deltaic sediments with abundance of solid 
organic matter; strongly reducing groundwater aquifers, 
neutral pH, high alkalinity, slow groundwater flow rates, 
majority species is iAs
III
. 
Smedley & Kinniburgh, 
2002; Chakraborti et al., 
2010 
Chile 
(northern)  
1.25 0.5 19 - 5130 Volcanic sediment, oxidising aquifer under arid conditions 
with high salinity and B.  
Smedley & Kinniburgh, 
2002; Bundschuh et al., 2011 
China 5.80 19.6 0.1 - 2160 Mixed redox aquifer, but mostly in reducing condition that 
have high pH as well as high levels of Fe, Mn, total dissolved 
solids, NO3
-
 and SO4
2-
, F
-
. 
Smedley & Kinniburgh, 
2002; Guo et al., 2014 
India 0.89 40.6 Not 
detectable to 
3700 
Similar to Bangladesh but low in U. Smedley & Kinniburgh, 
2002; Chakraborti et al., 
2017 
Mexico  
(Lagunera) 
0.32 0.5 up to 800 Volcanic sediments, oxidising aquifers, neutral to high pH, 
iAs
V
 as the majority species. 
Smedley & Kinniburgh, 
2002; Bundschuh et al., 2011 
Taiwan (south 
and north) 
0.04 0.6 < 0.1 - 3590 High dissolve organic carbon, strong reducing conditions. Guo et al., 2014; Liang et al., 
2016  
United States 
of America 
(southwest) 
> 2.02 14.5 < 1 to > 3100 Mixed redox conditions with high salinity in some shallow 
aquifers, high levels of Se, U, B, Mo, V and Se. As species 
was redox dependant.  
Smedley & Kinniburgh, 
2002; Sanders et al., 2012 
Vietnam (Red 
river delta) 
0.14 7.0 < 0.1 − 3050 Holocene alluvial/deltaic sediments, reducing aquifers with 
high levels of Fe, Mn and NH4. 
Berg et al., 2001; Smedley & 
Kinniburgh, 2002; Winkel et 
al., 2011 
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 Trace elements 1.1
Trace elements can be defined as inorganic components that naturally exist at very small 
amounts in living systems (He et al., 2005). The levels are usually found to be less than 100 
mg/kg (or µg/g, parts per million, ppm, 10
-6 
g/g) as opposed to primary nutrients in biological 
systems, such as, nitrogen, phosphorus, sulphur, and potassium which are found at levels > 
100 mg/kg (Ward, 2000). Trace elements (such as, Mo, Mn, Fe, Co, Cu, Ni, Zn and Se) play 
a vital role in physio-biochemical processes, by acting as a cofactor or catalyst for many 
enzymes and the centers of stabilising structures, such as, enzymes and proteins. The 
accumulation or deficiency of trace elements may stimulate an alternate pathway that produce 
diseases (Prashanth et al., 2015).  
 Classification of trace elements 1.1.1
Trace elements can be classified into three groups namely essential, non-essential and toxic. 
Seven elements, namely, chlorine (Cl), manganese (Mn), iron (Fe), zinc (Zn), boron (B), 
copper (Cu) and molybdenum (Mo) are referred to as essential nutrients which are required in 
trace amounts for maintaining plant growth, as well as various life processes in humans and 
animals. On the other hand, some elements, such as, lithium (Li), germanium (Ge), rubidium 
(Rb) and strontium (Sr) are considered to be non-essential trace elements since they have no 
recognised function in biological physiology (Kabata-Pendias, 2011). Some other trace 
elements, namely, arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) have been shown 
to have an adverse effect on living organisms, even at very low concentrations. These 
elements are often called toxic elements. However, all trace elements can be toxic if the 
concentrations in living systems exceed the stated agreed safety limits (Goldhaber, 2003; He 
et al., 2005).  
 Essentiality and toxicity 1.1.2
Paracelsus (1493 – 1541) stated „„all things are toxic and there is nothing without toxic 
properties. It is only the dose which makes something a poison” (Saha et al., 1999). Hence, 
although a trace element may be required for a living organism to sustain various 
physiological functions, the concentration will differentiate between potentially essential and 
toxic effects on a living system. In order to maintain the metabolic equilibrium (homeostasis), 
the absorption of trace elements by organisms needs to be at optimal levels or ―in balance‖. 
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This could be achieved by adjustment of the absorption and excretion processes of essential 
trace elements (Windisch, 2002).  
The optimal intake range for a typical trace element can be presented by the dose response 
curve (Figure 1.1), where the centre shows the safe or adequate intake whilst each of the 
curve tails represent the inadequate intake (low dose) and excessive intake (high dose) 
(Lindh, 2005). If the intake (malabsorption or antagonistic interaction with another element 
or chemical) of a specific trace element is low, the resultant function of any related 
synthesised biomolecule becomes impaired resulting in a deficiency state. However, once the 
essentiality window has been reached, the concentration of the trace element is stabilised and 
persists until the concentration reaches possible toxicity levels (high dose), resulting in a 
breakdown of the homeostasis mechanism (Windisch, 2002). The overall exposure of a high 
elemental dose could potentially lead to a disease state or death. Nevertheless, the 
bioavailability (section 1.3.2) of the trace element depends on the composition and physical 
characteristics of the diet (nutrition as a major source), the level and specific chemical species 
of the trace element (1.1.3) (Vázquez et al., 2015; Drago, 2017). A better understanding of 
this curve will be presented for molybdenum, an important trace element in this research 
which is considered essential for plants (and humans) (Soetan et al., 2010).  
 
 
Figure 1.1 The dose-response relationship for an essential trace element (adapted from 
Lindh, 2005). 
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For instance, molybdenum at ‗normal‘ (non-contaminated) concentrations is essential as a 
cofactor for many enzymes that are necessary in: (i) the metabolism of sulphur-containing 
amino acids and nitrogen-containing compounds present in DNA and RNA; (ii) the 
production of uric acid; and (iii) the oxidation and detoxification of various other compounds. 
In plants, Mo plays a role in nitrogen fixation and nitrate assimilation through nitrate 
reductase, which is a key enzyme in the metabolic process in leguminous plants  (Soetan et 
al., 2010). However, the deficiency and toxicity symptoms of this element may appear due to 
the narrow range of its requirement (the optimum level of the dose-response curve).  
The normal levels of Mo in plants are over the range of 0.2 – 2.0 mg/kg dry weight (d.w.) 
(Kabata-Pendias, 2011). The deficiency of Mo in plants has been reported to occur at a 
concentration of < 0.2 mg/kg d.w. where symptoms of nitrogen fixation have been observed, 
including injury to the leaves (e.g.  yellow or brown colours) and the growing points of the 
plants (e.g. depressed root growth). These symptoms depend on the type of plant species 
(Soetan et al., 2010; Kabata-Pendias, 2011) Although Mo toxicity in plants is uncommon, at 
high Mo levels ( > 5 mg/kg d.w.) in forage there is a concern about the possible toxic effects 
on livestock that may be triggered by Mo-induced copper deficiency. This toxicity is 
collectively known as molybdenosis, whereby high levels of Mo inhibits Cu absorption and 
the activity of Cu-dependent enzymes due to the formation of stable complexes between 
tetrathiomolybdate (formed by the interation of Mo with sulphur) and Cu (Smedley & 
Kinniburgh, 2017). Such a disease has resulted in symptoms that are associated with anaemia, 
anorexia, diarrhoea, joint abnormalities, osteoporosis and hair discoloration in livestock 
(WHO, 2011; Smedley & Kinniburgh, 2017). The function, concentration and toxicity 
symptoms of selected trace elements, including arsenic in plants, are reviewed in Appendix 
1.1. Further discussion on the effects of trace elements on human health will be discussed in 
section 1.1.4.  
 Chemical speciation of trace elements 1.1.3
The International Union of Pure and Applied Chemistry (IUPAC) has defined ―speciation‖ as 
the distribution of an element amongst defined chemical species in a system (Templeton et 
al., 2000). In other words, ―speciation‖ is referred to as the formation of specific chemical 
forms of an element in the system that are attributed to the various oxidation states in which 
that element exists in the environment (Azeez et al., 2006). From the toxicological and 
environmental point of view, knowledge of the chemical speciation of an element could 
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provide information about the toxicity, mobility, bioavailability and bioaccumulation of an 
element following the interaction within the component of the environment (e.g. air, water, 
soil and sediment). Thus, the impact of an element is strongly dependent on the chemical 
speciation rather than the total elemental concentration. Since arsenic is the main 
groundwater contaminant in this research (Argentina and India), the discussion in this section 
will only focus on arsenic speciation in the environment.  
Arsenic is present in various oxidation states in the environment. It can exist in the −3, 0, +3 
and +5 oxidation states. However, in groundwaters arsenic can mainly be found in the 
inorganic forms, with very low levels of the organic arsenic species. In terms of toxicity, the 
inorganic species have the high levels of solubility in water. The levels of As in groundwaters 
is of concern owing to its toxicity at relatively low concentration (> 10 g/l As), and mobility 
in water over a wide range of pH and redox conditions (Duker et al., 2005). Thereby, both pH 
and redox potential (Eh) are key factors that can control the speciation of arsenic in the 
environment. The inorganic arsenic species (iAs) can be separated by two different oxidation 
states; arsenite (iAs
III
) and arsenate (iAs
V
) which represent the trivalent and pentavalent 
states, respectively. In the aquatic environment, the pentavalent (+V) or arsenate species can 
exist in the oxyanion forms; AsO4
3−
, HAsO4
2−
, H2AsO4
−
; whilst trivalent (+III) arsenites exist 
as neutral (As(OH)3) or oxyanion species; As(OH)4
−
, AsO2OH
2−
 and AsO3
3−
 (Figure 1.2). 
Arsenate (iAs
V
) species have been reported to be stable and prevalent under oxidising 
environment (high Eh), with H2AsO4
−
 as dominant species at low pH (< 6.9). In contrast, 
HAsO4
2−
 is the primary species at high pH (H3AsO4
0
 and AsO4
3−
 may be present in extremely 
acidic and alkaline condition, respectively). On the other hand, arsenite (iAs
III
) species are 
favoured under reducing conditions (low Eh) where the uncharged H3AsO4
0
 predominates at a 
pH less than 9.2 (Mohan & Pittman, 2007; Sharma & Sohn, 2009). 
In addition, the adsorption-desorption processes on the surface of mineral oxides and 
oxyhydroxides of Mn, Al and Fe can also play a significant role in the geochemistry of 
arsenic, especially via the reductive dissolution mechanism (Sharma & Sohn, 2009; Nath et 
al., 2011). At neutral pH, the maximum absorption on the amorphous hydroxide has been 
observed for iAs
III 
, and to a lesser degree for iAs
V
 at low concentrations. However, the 
adsorption capacity of iAs
V 
may increase following a decreased in pH levels at high As 
concentrations. This implies that there is competition between the arsenic species for the 
adsorptive sites. Such competition has also been reported between As species and other 
oxyanions, like phosphate, sulphate, carbonate and silicate for the adsorption site on solid 
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phases (Sharma & Sohn, 2009). However, at high pH (alkaline) most oxyanion-forming 
species can be desorbed from the solid phase, thereby releasing As with other associated 
oxyanion forming elements like Mo, U, V and Se (Table 1.1) into the liquid phase (Nicolli et 
al., 2012). Apart from that, various microbial activities (e.g. those involved in the degradation 
of organic matter) in the environment can also contributed to the ionic change of the As 
species through methylation, demethylation, oxidation and reduction reactions (Sharma & 
Sohn, 2009; Sharma et al., 2014). 
 
 
 
Figure 1.2 Eh-pH diagram for arsenic at 25 °C and 101 kPa (adapted from Mohan & 
Pittman, 2007). H3AsO4 = arsenic acid (arsenate); H3AsO3 = arsenous acid 
(arsenite); AsH3 = arsine; and As2S3 = arsenic trisulphide.  
 
On the other hand, the organic arsenic species, namely monomethylarsonic acid (MA
V
), 
dimethylarsinic acid (DMA
V
), were among the chemical forms that are commonly found in 
groundwaters. Arsenobetaine (AsB), and arsenocholine (AsC), arsenosugars and arsenolipids 
are found in marine and terrestrial biological systems (Taylor et al., 2017). In addition, the 
increased levels of MA
V
 and DMA
V
 in groundwaters have been reported to be linked with the 
application of arsenical pesticides (Sharma & Sohn, 2009; O‘Reilly, 2010). However, these 
organic compounds are reportedly 100 times less toxic than inorganic arsenic compounds 
(Jain & Ali, 2000). The structures for the common arsenic compounds in the environment are 
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shown in Figure 1.3. In the present study, only four species will be determined in the water 
samples, namely, iAs
III
, iAs
V
, DMA
V
 and MA
V
.  
 
 
Figure 1.3 The structures of the common arsenic compounds in the environment (adapted 
from Sharma et al., 2014). In this figure MA
V
 is referred to as MMA
V 
(the 
original terminology used in the literature). 
 
 The relationship between the trace elements and human health 1.1.4
As a living organism, humans require an adequate amount of essential trace elements in order 
to maintain normal physiological activities (Strachan, 2010). Trace elements or 
micronutrients can have two important impacts on human health; a lower intake may cause 
deficiency (malnutrition) and a higher intake may cause toxicity, which has already been 
described in section 1.12, and illustrated in Figure 1.1 (Goldhaber, 2003). Nutritional 
deficiencies are associated with adverse economic conditions, customs and food choices due 
to limited dietary varieties and thus nutrient availability. Meanwhile, toxicity may result from 
the high bioavailability of trace elements, or could be due to the interactions of trace elements 
in the environment. Thereby, the status of trace elements (particularly excess levels) in water, 
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soil and plant systems, as well as any possible bioaccumulation within the food chain, are of 
major concern in terms of human health problems (refer section 1.1.5 for details). 
In general, trace elements can enter the human body via inhalation, absorption and ingestion 
(Hughes et al., 2011). However, the primary route for trace elements in humans occurs 
through dietary intake by ingestion of drinking water and food plants (or foodstuffs). In order 
to deal with the deficiency and/or toxicity of any trace element, risk assessments have been 
set by national and international authorities (Goldhaber, 2003). In terms of water quality 
standards, the international standard bodies, namely, the World Health Organisation (WHO, 
2011) and national standards (Table 1.2) have been established to provide safe limits for trace 
elements in drinking water. In contrast, maximum concentration limits for trace elements in 
irrigation water and in relation to the watering of livestock, have been developed by the Food 
and Agriculture Organisation of the United States of America (FAO, 1994) (Table 1.2). 
These are water quality guidelines in terms of food and livestock safety. In terms of nutrition, 
the authorities, namely, the U.S. Food and Nutrition Board of the Institute of Medicine, has 
set the levels for Dietary Reference Intakes (DRIs); including the Recommended Dietary 
Allowance (RDA), the Estimated Average Requirement (EAR), the Adequate Intake (AI), 
and the Tolerable Upper Intake Level (UL) for essential trace elements, published in 2000 
and 2001. Appendix 1.2 summaries the RDA, AI or tolerable upper intake level (TUI), along 
with the deficiency and toxicity symptoms of seven trace elements that are important in this 
study.  
For instance, an essential trace element like molybdenum is needed as a cofactor for a limited 
number of enzymes in humans (a pterin-based Mo cofactor which is also known as Moco) 
namely sulphite oxidase, xanthine oxidase, aldehyde oxidase and mitochondrial amidoxime-
reducing component (mARC) (Mendel, 2007; Smedley & Kinniburgh, 2017). The daily 
intake over the range of 0.075 to 0.25 mg/day Mo was recommended for all individuals 
above 10 years old (WHO, 2011b).  Plant foods, such as legumes, grain products, nuts and 
organ meat, are rich in Mo whilst fruits, roots and stem vegetables, muscle meats have 
relatively low levels of Mo (Institute of Medicine, 2000). The deficiency of the two 
molybdoenzymes (sulphite oxidase and xanthine dehydrogenase) can cause severe 
neurological damage leading to early childhood death, whilst deficiency in adults has been 
linked with symptoms of abnormal rapid breathing and heart rate, severe headaches, night 
blindness, nausea and vomiting (Institute of Medicine, 2000). However, for excess intake 
levels of Mo (> 2 mg/day, Appendix 1b), the human health problems are diarrhoea, anaemia 
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and gout. In addition, chronic occupational exposure can result in weakness, fatigue, lack of 
appetite, anorexia, liver dysfunction, joint pain, osteoporosis and tremor (WHO, 2011b). 
Nonetheless, 90 % of ingested high Mo levels is excreted in the urine, thus limiting the 
number of reported toxicity cases in humans (Institute of Medicine, 2000). 
 
Table 1.2 The water quality standards for trace elements in drinking, irrigation and the 
watering of livestock water as set by the World Health Organisation (WHO, 
2011a), Ministerio de Salud y Acción Social de la República Argentina (CAA, 
2012), Bureau of India Standard (BIS, 2012), United States Environmental 
Protection Agency (USEPA, 2009) and Food and Agricultural Organisation 
(FAO, 1994). 
 
 
Trace 
element 
Drinking water (µg/l) Irrigation 
water  
(µg/l) 
Watering of 
livestock 
(µg/l) 
WHO 
(2011a) 
Argentina 
(CAA, 2012) 
India 
(BIS, 2012) 
USEPA 
(2012) 
FAO  
(1994) 
FAO 
(1994) 
As 10 10 10 (50
a
) 10 100 200 
Mo NE
b
 NE 70 NE 10 NE 
V NE
a
 NE NE NE 100 100 
Mn NE
b
 100 100 50
d
 200 50 
Fe NE
a
 300 300 300
d
 5000 NE 
Cu 2000 1000 50 1000
d
 200 500 
Zn NE 5000 5000 5000 2000 24000 
U 30 100 60
e
 30 NE NE 
Note: NE - not established; a Permissible limit in the absence of alternate source; b occurs in drinking water at concentrations well below that 
reported for health concerns; c typical level in drinking water is unlikely to cause a health concern; d secondary drinking water 
regulations; India's Atomic Energy Regulatory Board, Department of Atomic Energy (Bajwa et al., 2017). 
 
In contrast, a toxic element, such as arsenic (As), does not behave like an essential trace 
element as the presence at even low concentrations may have deleterious effects on human 
health. Owing to the toxicity of arsenic, the World Health Organisation (2011) has developed 
guidelines for the safe consumption of arsenic in drinking water at 10 µg/l As. In contrast, the 
Codex Alimentarius Commision (2014) has set a maximum of 0.2 mg/kg iAs
III
 for foodstuffs. 
However, many of the groundwaters in the world that are used for drinking water have 
concentrations higher than the WHO limit and/or have further been used for water irrigation 
on agriculture land (Brammer & Ravenscroft, 2009). This poses the question of subsequent 
transfer of arsenic in groundwaters to the human food chain, especially for crop plants like 
rice (section 1.2.3). Arsenic problems have been found to be the greatest when people from 
As-endemic countries (especially in Asia) have extended the used of As-contaminated 
groundwater in the cooking of rice grains (using large quantities of water) (Rahman & 
Hasegawa, 2011).  
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Since the toxicity of As is directly related to its chemical species and bioavailibility, the 
ingestion of soluble species, namely trivalent arsenic (iAs
III
, MA
III
 and DMA
III
) and arsenate 
(iAs
V
), are of concern in relation to human health. In the human body, the trivalent As 
species have been reported to target more than 200 enzymes and protein containing thiol 
groups due to their high affinity to interact with sulfhydryl groups (Duker et al., 2005). Such 
interactions may interfere with the normal functionality of the enzyme and prevent important 
biochemical reactions from occurring within the cell (Sharma & Sohn, 2009). The most 
significant toxic effect is inhibition in the production of glutathione that plays an important 
role in oxidative stress by protecting the cells againts oxidative damage (Duker et al., 2005; 
Jomova et al., 2011). In the case of arsenate, apart from being reduced to arsenite (iAs
III
) and 
having a similar mechanism in terms of toxicity, arsenate can also have the capability of 
mimicing phosphate in the body, due to their chemical similarity. Consequently, arsenate can 
replace phosphate in the sodium pump and anion exchange transport system of the red blood 
cell. As a result, there is inhibition of the production of adenosine triphosphate, ATP (the 
energy currency of the cell) and the replacement of phosphate in bone for many years 
(Hughes, 2002; Duker et al., 2005; ATSDR, 2007b; Jomova et al., 2011). Numerous human 
biomonitoring studies have reported evidence between the high levels of As in urine, blood 
serum, hairs, and nails and As exposure as a result of the ingestion of As-contaminated 
drinking water and/or foodstuffs (Taheri et al., 2016). The exposure to arsenic caused health 
manifestations including cancers, melanosis, hyperkeratosis, blackfoot disease, diabetes 
mellitus, hypertension, ischemic heart disease and other arsenic-related problems (Flora, 
2015; Chakraborti et al., 2017).  
 The relationship of trace elements in water-soils-plants 1.1.5
The cycling of trace elements begins when inorganic compounds are introduced into the 
environment through the natural processes of geochemical weathering of rocks, hydrothermal 
ore deposition, microbial activity, volcanic eruptions, geothermal activities, wind-blown dust 
and sea-salt spray dispersion As such, trace elements can be transported over long distances 
as suspended particulates or gaseous forms through air and water (Figure 1.4) (Rapporteur et 
al., 1986). The interaction between natural and/or human activities (e.g industries, 
agriculture, groundwater abstraction, etc.) in the environment is in part responsible for the 
release of inorganic elements into the air, water, soil and biota (Ahsan & del Valls, 2011; 
Bhowmick et al., 2018). When the concentrations of such elements are in excess, especially 
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in water and soil, there may be degradation in human health. A prime pathway for this to 
happen is via the ingestion of drinking water and foods (section 1.1.4).  
Soil that has been formed through the weathering process plays an important role in terms of 
food production through the provision of natural water and mineral nutrients to plants 
(Kabata-Pendias, 2011). In uncontaminated soils, trace elements are mainly associated with 
the type of soil parent material and soil properties, namely, organic matter content, soil 
texture and soil depth  (Bañuelos & Ajwa, 1999). In order to make nutrients available for 
plants, via the root system, the trace elements in soil must be in a soluble form. Thus, water 
(from rain or irrigation) acts as the solvent in the soil, thereby forming the soil solution, 
which enables specific trace elements to be taken up by the roots of the plant. Water also aids 
in the transportation and distribution of the soluble trace elements from the roots to the 
above-ground parts which aid in maintaining good plant growth (Bañuelos & Ajwa, 1999). 
Other important functions of water in soil include, supplying raw material for the process of 
photosynthesis, temperature regulation, aiding in gas exchange and the bringing of oxygen 
into the root environment (Kabata-Pendias, 2011). As such, any deterioration in the quality of 
irrigation water will have a direct impact on soil and plants, especially in terms of agricultural 
food production (Bhattacharya et al., 2012; Rahaman et al., 2013). In addition, any 
atmospheric deposition of chemicals (of natural or anthropogenic origin) will also increase 
the levels of trace elements in the environment (Bundschuh et al., 2012; Censi et al., 2017). 
Since the primary source of trace elements in humans is through nutrition, plants (or 
foodstuffs) can be considered as an important contributor to the intake of trace element 
requirements for normal health (Goldhaber, 2003; Prashanth et al., 2015). The consumption 
of foodstuffs (plants and animal-based products) that have been grown in areas of raised or 
contaminated elemental levels (from water or soils) can lead to serious human health 
problems (Rapporteur et al., 1986). Moreover, not only the concentration of the trace 
elements, but the chemical form or speciation will influence the bioavailability and 
bioaccessibility of the trace elements in the food matrix (Laparra et al., 2005; Praveena & 
Omar, 2017). This in turn will influence what is absorbed and utilised via the systemic 
circulation system of the human body (Vázquez et al., 2015) (section 1.3.2).  
Several studies in arsenic endemic countries, especially in Asia, have reported that the 
accumulation of As in food crops is directly linked with agricultural soils that have had 
prolonged irrigation using geogenic As groundwater (Appendix A5 for details). For instance, 
Pal et al. (2009) reported for the As-affected area in Kolkata, India, that the arsenic content of 
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raw Boro rice (irrigated with As-groundwater, 334 ± 201 µg/l As) was 0.14 – 0.48 mg/kg As 
when compared with 0.03 – 0.16 mg/kg As for Aman rice (irrigated with rainwater). The As 
levels of both rice types were significantly reduced (Boro: 0.03 – 0.08 mg/kg As, Aman: 
0.021 – 0.049 mg/kg As) when the land was cultivated and irrigated using ‗safe‘ As water (< 
3 µg/l As).  
Similar arsenic accumulation patterns for edible plants and crops have been observed in Latin 
America, including, Mexico, Chile, Bolivia and Brazil (Bundschuh et al., 2012). All of these 
studies confirmed that the high levels of arsenic in plants and crops were mainly due to the 
high levels of arsenic in irrigation water (up to 900 g/l As) and soils. In these cases, the As 
levels were derived from the elemental leaching of wastes linked with mining activities, or 
geothermal water, volcanic rocks and ashes (Bundschuh et al., 2012). Bhowmick et al. (2018) 
reported that the As content of various types of daily foodstuffs collected from markets and 
agricultural fields of a As-affected region in India ranged over 0.01 – 1.39 mg/kg As. These 
foodstuffs were grown in As-contaminated soils and/or As elevated irrigation waters. Among 
all of the foodstuffs studied, leafy vegetables were found to contain much greater As levels 
compared to rice, root tubers, non-leafy vegetables and oilseeds. Most of these studies have 
shown that the use of As-enriched irrigation waters on agricultural land has led to an increase 
in the arsenic levels in the corresponding surface soils with an associated accumulation of the 
element in plant parts (Brammer & Ravenscroft, 2009; Sidhu et al., 2012). Moreover, many 
of these studies in As-endemic countries (refer section 1.2 for details) has confirmed a 
positive relationship between As levels within the water-soil-plant system (Dittmar et al., 
2010; Khan et al., 2010 & Banejad & Olyaie, 2011). 
 Arsenic and molybdenum in the environment 1.1.6
Arsenic is a metalloid that is naturally found in many minerals, often combined with oxygen 
and sulphur to generate large numbers of oxides and sulphides (Jain & Ali, 2000). Arsenic 
minerals are classified into five categories, namely, elemental arsenic, arsenides, 
arsenosulphides, arsenites, and arsenates. Arsenides and arsenosulphides are commonly 
found linked to anoxic hydrothermal ore deposits, with metamorphic and igneous rocks. 
Among all, arsenopyrite is the major arsenic-bearing mineral deposit found in the earth‘s 
surface (Flora, 2015). When these As-containing minerals come in contact with water and 
oxygen, they are rapidly converted into more soluble inorganic arsenic species; iAs
III
 and 
iAs
V
. The weathering of minerals, along with other natural processes and human activities, 
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have introduced inorganic arsenic into the air, water and soil, thus cycling this element 
through the biosphere, as illustrated in Figure 1.4 (refer to section 1.1.5 for details).  
 
 
Figure 1.4 A general scheme of the environmental cycle of the elements (modified from 
Rapporteur et al., 1986). 
 
In water, arsenic is commonly found as an oxyanion; iAs
III
 and iAs
V
, where the distribution 
of the arsenic species depends on pH, the redox potential, adsorption-desorption on the solid 
surface, microbial activity, organic matter and other competing elements (see section 1.1.3 
for details). In a non-contaminated or natural environment, the concentrations of arsenic are 
generally found to be low in water (< 10 µg/l As) but could be elevated due to geological 
factors (type of minerals and sediments), volcanic and geothermal activities (Bundschuh et 
al., 2011; Farnfield et al., 2012). In this context, groundwater has been reported to have 
elevated As levels due to various geogenic factors (naturally occurring As) thereby affecting 
the health of millions of people in the world (refer to Table 1.1). Therefore, the ingestion of 
drinking water containing geogenic arsenic has been recognised as a global health problem 
(WHO, 2011a). High levels of arsenic in such waters have been associated with a number of 
HUMAN 
Digestion Absorption Excretion 
Weathering, microbial 
activity, volcanism, human 
activities 
Mobilisation of 
inorganic compounds PLANTS 
SOIL ANIMALS 
Food Air 
Water 
Chapter 1: Introduction 
20 
 
diseases due to the concentration of As in groundwater being more than 10 µg/l As (Navoni 
et al., 2014).  
In soil, the concentration of arsenic normally ranges between 0.2 and 40 mg/kg As. The 
predominant species has been found to be arsenate under aerobic conditions, which is 
strongly adsorbed onto clays, oxides/hydroxides of Al, Fe and Mn, and organic matter 
(Zheng, et al., 2012; Jiang et al., 2014). However, the sorption of arsenic depends on the 
grain size of the soil (a sandy type is favoured for leaching), the arsenic concentration and 
duration of the interaction between As and the oxides of Fe and Mn (Sharma & Sohn, 2009). 
In alkaline pH conditions and well aerated calcareous soils, the mobility of As increases due 
to the substitution of Al and Fe arsenate by carbonate to form Ca3(AsO4)2 or sulphate. In 
lower soil pH (where positive charges predominate), the conditions favor the retention of As 
due to possible exchange with the charges on the environmental media. Another key factor 
influencing mobility is the solubility of As in soil, where different species have different 
ionic activities. As an example, phosphorus status has a significant effect due to having 
similar chemical properties as arsenate (Moreno-jiménez et al., 2012) The presence of 
phosphate has been found to increase the availability of arsenic by increasing the extractable 
or soluble fraction of soils. However, high concentrations of As in soil may not necessarily 
reflect the As levels absorbed by the plants due to competition between both elements in the 
plant. Meanwhile, other anions like chloride (Cl
-
), nitrate (NO3
-
) and sulphate (SO4
2-
) do not 
significantly affect the levels or behaviour of arsenate in plants. In most geogenic As-affected 
areas, the accumulation of arsenic in soils occurs through; the dispersion of As irrigation 
water on agricultural land which can undergo transformation (e.g., through redox or 
microbial processes), (2) volatilisation into the atmosphere as a result of different biological 
transformations, (3) adsorption-desorption processes leading to being retained onto the soil/ 
washed away by surface runoff/ or leached into the groundwater, (4) taken up by plants 
thereby finally entering the food chain (Khan et al., 2010; Zhao et al., 2013; Shrivastava et 
al., 2017).  
In plants, there are two different mechanisms on how As species can be transported into plant 
cells. Arsenate, iAs
V
, is taken up by plants using high-affinity phosphate transporters 
(chemically analogous) whilst arsenite, iAs
III
, and the methylated forms MA
V
 and DMA
V
 
have been reported to take-up As by aquaglyceroporins (water channel). Further details on 
mechanisms have been reviewed by Moreno-jiménez et al. (2012). The mobility of arsenic in 
a plant depends on the plant species, the soil properties, soil texture, phosphorus and silicon 
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status (Kabata-Pendias, 2011; Zheng et al., 2012). High levels of arsenic accumulation were 
reported in plants and plant foodstuffs from As endemic countries due to the As-
contaminated irrigation water that was used on agricultural land for long term periods (refer 
to section 1.2 for details). In turn, many people had arsenic-related health problems through 
ingestion of significant amounts of As from food grown in As-affected areas (Chakraborti et 
al., 2016; Bhowmick et al., 2018). This has been described in section 1.1.4. 
Molybdenum (Mo), like arsenic, is also present in various oxidation states ranging from -II to 
VI, where the most important redox species in the environment are IV, V and VI (Smedley & 
Kinniburgh, 2017). Molybdenum is naturally found in minerals, rocks, sediments, soils and 
aqueous systems, but is not available as a free metal on earth. The average content of Mo in 
the upper Earth‘s crust is 1.5 mg/kg and its concentration is elevated in granitic rocks, shales 
and muds (Kabata-Pendias, 2011; Smedley & Kinniburgh, 2017).Owing to its high affinity 
for sulphur (chalcophile behaviour), the primary mineral ore of Mo is molybdenite (MoS2).  
The weathering of minerals can produce secondary Mo oxides, namely molibdite, MoO3; 
wulfenite, PbMoO4; and powellite, CaMoO4. In addition, Mo is also strongly adsorbed on to 
the mineral oxides of Al, Fe and Mn (Kabata-Pendias, 2011; Xu et al., 2013). Other sources 
of molybdenum in the environment can be derived from industrial and manufacturing 
processes, agricultural and mining activities (WHO, 2011b; Smedley & Kinniburgh, 2017). 
In an aqueous system, the mobility of Mo is strongly controlled by the redox conditions and 
pH. At pH > 5, the presence of molybdenum in oxic waters is predominantly in the form of 
the molybdate ion, MoO4
-2
. However, in acidic or near neutral pH conditions, this oxyanion is 
readily adsorbed onto the solid surface of the mineral (Fe and Al oxides) or organic matter. 
As a result this lowers the dissolved concentration of Mo in water (Xu et al., 2013; Smedley 
& Kinniburgh, 2017). In anoxic waters, Mo could be reduced from Mo
VI
 to Mo
V
 under 
environmental conditions (Wang, 2012). However, under laboratory conditions the following 
reduced Mo species are known to exist, namely, MoO
3+
, Mo2O3
4+
 and Mo2O4
2+
. In order for 
Mo reduction to take place, the reaction requires strongly reducing conditions, similar to 
those required for sulphate reduction. As such, Wang et al. (2009) quantitatively separated 
the oxidised and reduced Mo forms in natural waters using solid-phase separation of the 
Mo
V
-tartrate complex on a XAD 7HP resin followed by elution with acidic acetone. Their 
Mo speciation data has confirmed the existence of Mo
V
, where the concentration was ≤ 15% 
of the total dissolved Mo (typically 1000 – 1200 µg/l Mo) in most saline waters. However, 
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more work needs to be undertaken in the future to confirm that the free Mo
V
 species in 
natural waters is always present.  
Generally, the levels of Mo in natural waters have been reported to be < 10 µg/l Mo (WHO, 
2011b; Smedley & Kinniburgh, 2017). In the case of groundwaters, the concentration of Mo 
varies depending on the environmental conditions of the aquifer. However, Mo levels may be 
higher due to the presence of volcanic ash within the loess sediment (up to 5.2 mg/kg Mo), 
especially under oxidising conditions and at an alkaline pH (Nicolli et al., 2012). Such 
elevated Mo concentrations have been found in the groundwaters of the Chaco-Pampean 
plain of Argentina. The provinces of Argentina include; Córdoba (0.97 – 7900 µg/l Mo, 
Nicolli et al., 1989), Tucumán (0.2 – 727 µg/l Mo, Nicolli et al., 2008; Nicolli et al., 2012), 
La Pampa (0.2 – 1251 µg/l Mo, Smedley et al., 2002; O‘Reilly et al., 2010; Al Rawahi, 
2016), Santiago del Estero (5.4 – 1907 µg/l Mo, Bhattacharya et al., 2006) and Santa Fe (3 – 
635 µg/l Mo, Nicolli et al., 2012). Similarly, the higher levels of Mo have also been reported 
in groundwaters from the East African Rift Valley, Ethiopia, ranging from 0.53 to 446 µg/l 
Mo at pH 6.9 - 8.9 (Rango et al., 2010). Furthermore, much lower Mo levels were detected in 
the oxic groundwaters of Qatar, over the range of 1.0 to 103 µg/l Mo (Kuiper et al., 2015). 
These Mo levels in groundwaters have clearly exceeded the former WHO health-based value 
of 70 µg/l Mo for drinking water (WHO, 2011b), thus potentially having an effect on human 
health. 
In contrast, Smedley & Kinniburgh (2017) have reported that the Mo levels in reducing 
groundwaters are usually at concentrations < 70 µg/l Mo. Under anoxic and non-sulphidic 
conditions, Mo can be released to the groundwater by the reductive dissolution of Mn and Fe 
oxides, or the degradation of organic matter, especially within high-Mo organic-rich muds, 
black shales or oil shales. This has been demonstrated in the groundwaters of  Jordan, where 
Mo levels up to 650 µg/l Mo were recorded for oil-shale deposits in the lowermost unit of the 
aquifer (Al Kuisi et al., 2015). In another study in Florida (USA), the concentration of Mo in 
domestic supply groundwaters was found to be as high as 5050 µg/l Mo (Pichler et., 2017). 
This has been linked to the mixing of shallow and deep groundwaters. Moreover, the 
concentration of Mo in waters has also been associated with the levels of As in groundwaters, 
suggesting a similar controlling process in their mobility, especially under oxidising and high 
pH conditions. Therefore, it is crucial to analyse the levels of Mo in the Argentine 
groundwaters containing high As levels as the risk of drinking such waters may have a 
‗cocktail‘ effect, rather than being only due to the raised levels of arsenic. This is especially 
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important when farm groundwaters are used for the watering of livestock and may have an 
effect on the health of cattle or horses in La Pampa (refer to section 1.1.2 for details). 
 Trace elements in plants and foodstuffs 1.2
The concentration of trace elements in plants depends primarily upon the levels in soil in 
which the plants were grown. The trace element uptake from the soil solution is governed by 
several factors, such as, geochemical, climatic, biological and atmospheric deposition (natural 
or anthropogenic origin) (Liu et al., 2005; Domínguez et al., 2008). These factors control the 
trace element availability and behaviour in soil, influence the uptake by plants and affected 
the elemental accumulation and translocation in plant systems (Kabata-Pendias, 2004; Norton 
et al., 2013; Cruz et al., 2014; Liu et al., 2014; Xia et al., 2014). In addition, irrigation water 
containing elevated trace elements levels that is used on agricultural land also plays a 
significant contributory role to the accumulation of trace elements in plants (Rahman & 
Hasegawa, 2011; Bhowmick et al., 2018). 
  Plants and other plant foodstuffs 1.2.1
In general, the trace element uptake by a plant root may vary from plant to plant depending 
on the plant species (Ramirez-Andreotta et al., 2013; Xu et al., 2013) and soil 
physicochemical properties, namely, pH, Eh (redox potential), soil organic matter, cation 
exchange capacity, texture and salinity (Vega et al., 2010; Acosta et al., 2011; Pauget et al., 
2012; Pinto et al., 2014). Plants can be classified into three groups, namely, excluders, 
indicators and accumulators based on the response to the elemental uptake from soil to the 
plant tissues (Baker, 1981). Among plant parts, roots exhibit the highest trace element levels 
compared to leaves, shoots and stems (refer to Appendix A2). The hyperaccumulator plants 
are known to tolerate a higher level of specific trace elements in above-ground tissues 
without suffering any toxicity (Rascio & Navari-Izzo, 2011). For instance, Chinese brakes 
fern, Pteris vittata, have been reported to contain 11.8 – 64.0 mg/kg As in the fronds even 
when growing in uncontaminated soil (0.47 – 7.56 mg/kg As) (Ma et al., 2001). These values 
are likely to be 100 times higher than that normally found in typical plants (0.5 - 80 μg/kg 
As) grown on normal low-arsenic soils (Kabata-Pendias, 2011).  
In contrast, most of the other plants behave as excluders where they retain and detoxicify 
trace elements in the root in order to minimise elemental translocation from the root to the 
shoot (Rascio & Navari-Izzo, 2011). Therefore, the concentration of arsenic in non-
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accumulator plants is generally lower than 2 mg/kg As in aerial parts (Horswell & Speir, 
2006). An indicator plant is a further mode of response where the elemental concentration in 
a plant can mirror the concentration in the soil and/or air, so as to depict the environmental 
quality status (Baker, 1981; Censi et al., 2017).  
In regards to plant foodstuffs, tuberous/ root (eg; potato) and leafy vegetables (eg; spinach, 
mustard) have been observed to accumulate more trace elements than non-leafy vegetables, 
such as, pea and tomato (Al-rmalli, 2012; Kar et al., 2013). The typical levels of trace 
elements found in plants and foodstuffs are summarised in Appendix A3.  
  Plants and other foodstuffs- Anthropogenic exposure 1.2.2
Jiao and co-workers (2012) have stated in a review that the application of phosphorus 
fertilisers and micronutrients which contained high levels of As, Cd and Pb (over long 
periods of exposure) could contaminate cropland soil. Furthermore, the addition of municipal 
solid waste compost and sewage sludge to agricultural soil can raise the soil trace element 
content and the availability of such chemicals for transfer to crop plants (Smith, 2009). On 
the other hand, mining activities have long been recognised as a major source of trace 
element contamination in the environment, especially for soils. Active mining activities have 
been shown to increase the trace element levels of soils, with an often associated increase of 
the trace element levels in plants (Xu et al., 2013; Alvarenga et al., 2014; Wei et al., 2015). 
Meanwhile, in a peri-urban ecosystem, wastewater from municipal and industrial activities 
resulted in raised trace element levels for plants grown in wastewater irrigated-soil (Avci, 
2013).  
  Food (rice)  1.2.3
Arsenic in rice has become a global concern due to the potential threat on human health as 
rice is the staple crop for half of the world‘s populations. Rice provides nearly 21% of the 
global calorific intake from food, and can increase to more than 70% for major rice 
consuming Asian countries. Extensive research from worldwide market surveys and field 
sites have shown that rice grain contains significant levels of arsenic (up to 1.8 mg/kg As) 
(Appendix A4), which is mainly found in the inorganic form (Rahman & Hasegawa, 2011; 
Seyfferth et al., 2014). Rice is considered more subject to arsenic uptake compared to other 
major grain crops as it is generally grown under flooded conditions (anaerobic) (Williams et 
al., 2007). In a continuous flooding environment, reductive dissolution of the Fe (hydr)oxide 
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phase can cause arsenic to transform from iAs
V
 (arsenate) to iAs
III
 (arsenite). As a result, 
arsenite is mobilised in the soil solution, which makes this species more available for plant 
uptake (Takahashi et al., 2004; Xu et al., 2008). Thus, arsenic can normally be found in the 
rice plant, even when grown on uncontaminated soil, due to geologically natural processes 
(Pal et al., 2009). The global average arsenic level in soil has been reported to be about 6.83 
mg/kg dry weight As and values can go higher when anthropogenic activities are involved 
(Kabata-Pendias, 2011). Arsenic in soil usually exists in both organic; monomethylarsonic 
acid (MA), dimethylarsenic acid (DMA) or inorganic forms; arsenate (iAs
V
) and arsenite 
(iAs
III
). However, most of the detected arsenic species are the more toxic inorganic forms 
(Stroud et al., 2011; Huang et al., 2012). 
The arsenic concentration (total and species) in rice differs geographically and genetically 
(Liu et al., 2006; Meharg et al., 2009; Norton et al., 2009; Sommella et al., 2013). Rice from 
Asia has been found to be predominantly in the form of arsenite (35% to 99% of total 
arsenic) whilst rice from U.S.A. has a high content of DMA (Nookabkaew et al., 2013; 
Rahman et al., 2014a). In another study, brown rice which has been claimed to be more 
healthier, has been found to contain higher arsenic levels than white rice grains (Batista et al., 
2011; Rahman et al., 2014a). This could be due to the fact that during the polishing process to 
produce white rice, arsenic that is retained in the outer bran of brown grain was removed, 
thus reducing the arsenic level of the white grains (Bhattacharya et al., 2012). In terms of rice 
types, Rahman and co-worker (2007) observed the following trend for arsenic levels in rice 
grains; rice hull > bran-polish > brown rice > raw rice > polish rice for parboiled and non-
parboiled rice (Rahman et al., 2014a). 
In 2008, Zavala & Duxbury estimated a global normal arsenic range of 0.08 to 0.20 mg/kg 
(dry weight) in rice grains by combining the data (number of samples, n=204) from a market 
basket survey of several countries and the data available from the literature. The suggested 
maximum As range was found to be considerably higher than the typical arsenic levels 
reported in rice (0.005 – 0.10 mg/kg As) by Kabata-Pendias (2011). However, this range is 
consistent with the adopted maximum level recommended by the Codex Alimentarius 
Commission; maximum level for inorganic arsenic, iAs (0.20 mg/kg). In addition, it should 
be also noted that many of these publications do not clearly report the weight basis for the 
arsenic values, which is a major problem in comparing data from one study to another.  
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 Food (rice) - anthropogenic exposure  1.2.4
The trace element levels, especially arsenic, in an agricultural environment might be 
increased depending on irrigation practice using As-enriched groundwater, geology, soil 
formation and soil chemistry (redox condition, speciation, pH, organic matter); as well as the 
presence of human activities (Meharg & Rahman, 2003; Sahoo & Kim, 2013; Zhang et al., 
2013). 
In the As-endemic regions of Bangladesh, paddy fields are commonly irrigated with As-
contaminated groundwater during the dry season, especially for rice cultivation. This 
irrigation technique has been recognised as the major source of arsenic in rice plants and the 
paddy soil (Rahman & Hasegawa, 2011). Rice plants have been found to accumulate arsenic 
to levels of up to 1.83 mg/kg As (grain) when growing on contaminated paddy soils of > 30 
mg/kg As. Elevated arsenic levels in paddy soils are not due to geogenic factors of the soil, 
but may be due to continuous irrigation with geogenic groundwater containing more than > 
50 µg/l As. Hossain et al. (2008) reported that the arsenic concentration of rice grains 
increased significantly when the arsenic level built-up in the topsoil. This was found to be the 
result of long term irrigation with As-rich shallow tube well (STW) water, but decreased with 
distance from the STW point. In another study, Dittmar et al. (2010) also demonstrated a 
similar trend of arsenic accumulation in straw and rice grains by comparing pot and field 
experiments using As-contaminated irrigation water and soil. They also estimated that the 
arsenic concentration in topsoil (0 - 40 cm depth) may increase from 15 mg/kg As to 26 - 38 
mg/kg As over the next 40 years. Furthermore, an increase of about 0.25 - 0.58 mg/kg As in 
rice grains has resulted from crop irrigation using a single tubewell underground water of 397 
µg/l As. Additionally, elevated elemental concentrations in rice grains were found to be due 
to the use of  wastewater as an irrigation source for a large-scale production area where 
access to clean water is limited (Singh et al., 2010). 
In Southern China, arsenic levels of 0.15 to 1.09 mg/kg As have been detected in brown rice 
collected around an abandoned tungsten mine in Lianhuashan. The elevated concentration in 
rice was reflected by the arsenic content in agricultural soil (3.51 – 935 mg/kg As) and the 
irrigation practice of using surface water and groundwater which was polluted with acid mine 
drainage (AMD) (Liu et al., 2010). Furthermore, in another region, Zhang et al. (2013) found 
a similar pattern as reported by Liu et al. (2010) for rice plants grown in polluted soil  and 
irrigated using water containing discharge AMD from coal mining activities. The mean 
distribution of As in rice plants increased in the following order: root (25.41 mg/kg) > straw 
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(3.90 mg/kg) > grain (1.09 mg/kg). A part from being irrigated with water containing 10 µg/l 
As, the paddy soil was acidic (pH=4.3) and contained high levels of Fe (78.83 mg/kg) and As 
(121 mg/kg). Moreover, the arsenic concentration of rice grains can be as high as 7.5 mg/kg 
As when industrial activities, such as mining and smelting, are active in the same area. Soil 
that was seriously polluted with arsenic (11- 1217 mg/kg As), plus a contribution from air 
deposition associated with local smelter smoke and dust ore could be the best explanation for 
the elevated As levels in the rice grains (Liao et al., 2005). Overall, arsenic in rice grains 
from mining and smelting activities have been shown to exceed 1 mg/kg As, a maximum 
value set by the World Health Organisation (Rahman et al., 2007). Apart from that, the 
application of phosphate fertiliser on agricultural soil seems to increase the elemental content 
of plants by changing the soils physical and chemical properties, which in turn affects the 
bioavailability of the elemental uptake (Jiao et al., 2012). 
 Food and dietary intake  1.3
Vegetables and cereal crops are two major food components of the human diet. These 
foodstuffs not only provide nutrition, but become a pathway for elements, such as arsenic, to 
enter the food chain, especially when crops are grown in a polluted environment. Hence, the 
daily intake of contaminated foodstuffs may expose humans to continuously high elemental 
levels possibly leading to toxic effects on the body‘s systems (Arain et al., 2009).   
 Recommended daily intake (RDI) 1.3.1
Current research from As-endemic countries, such as Bangladesh and India, have revealed 
that rice and vegetables are another major source of dietary arsenic, followed by drinking 
water (Mazumder et al., 2014). When drinking water with low arsenic levels is used, cooked 
rice has been found to be the largest contributor to the daily arsenic intake (Mondal & Polya, 
2008a). This can account for about 56% of the total diet (Ohno et al., 2007). Recently, arsenic 
toxicity in rice has become an important health issue as rice is exported worldwide with the 
global top exporters being Thailand, Vietnam, India, Pakistan and the U.S.A. (Wailes & 
Chavez, 2011). Thus, millions of people might potentially be at risk through consuming rice 
from a market basket, even when arsenic contamination does not occur locally (Ohno et al., 
2007, Gilbert-Diamond et al., 2011; Antoine et al., 2012). Several studies have detected 
higher inorganic As species in rice (30 - 90%). As a result, the Joint Food and Agriculture 
Organisation of the United Nations/WHO Expert Committee on Food Additives (JECFA) 
have recommended a Provisional Tolerable Weekly Intake (PTWI) of 15 µg/kg per body 
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weight for iAs. This is equivalent to a Provisional Maximum Tolerable Daily Intake 
(PMTDI) of 2.1 μg/kg per body weight. A prime reason behind these recommendations is 
that the inorganic arsenic species are more toxic (WHO, 2008). Most of the literature have 
reported dietary arsenic intake levels based on this standard and have agreed that the high 
daily rice consumption rate, namely associated with cooked rice using cooking water with 
high As levels, and rice cultivar (origin and type) are significant contributors to the higher 
dietary intake of arsenic (Rahman et al., 2006; Smith et al., 2006; Ohno et al., 2007; Signes et 
al., 2008; Samal, et al., 2011; O‘Neill et al., 2013).  
A recent study in Australia has estimated that the high consumption of rice (440 g per day) 
among Asian immigrants would result in an average iAs dietary intake of 1.2 μg/kg/b wt  
(65% of PMTDI) than local people (0.09 μg/kg/b wt; 4.3% of PMTDI) and European 
immigrants (0.04 μg/kg/b wt; 1.7% of PMTDI), irrespective of rice origin. The iAs dietary 
intake values may increase to reach about 98-100% of PMTDI set by JECFA when these 
people consume locally produced brown rice and Italian rice instead of white rice (Rahman et 
al., 2014a). In contrast, the arsenic dietary intake per person is considerably lower for  
aromatic rice compared to non-aromatic rice (Al-Rmalli et al., 2012; Rahman et al., 2014a). 
In 2010, the PTWI was withdrawn due to an increase in the incidence of lung cancer with a 
benchmark dose lower than the confidence limit of 0.5% (BMDL0.5), namely, 3 µg/kg/d in 
estimating total dietary iAs from drinking water and food (European Food Safety Authority, 
2009). In the previous year, the European Food Safety Authority (EFSA) panel on 
contaminants in the food chain also established a 1% benchmark dose, BMDL1 value of 0.3-
8.0 µg iAs day/kg/bw for an increased risk of cancer of the lung, skin and bladder. More 
recently, the Codex Alimentarius Commission agreed to adopt a maximum level (ML) of 0.2 
mg/kg for inorganic arsenic in white rice to reduce the human health risk of inorganic arsenic 
(Codex Alimentarius Commission, 2014). In regards to the World Health Organisation 
(WHO) drinking water safe limit of 10 µg/l As, Williams et al. (2006) estimated that a total 
arsenic dietary intake of  0.08 µg/g As from diet is equivalent to 10 µg/l of As in drinking 
water (WHO, 2008). 
In addition, the daily arsenic intake from vegetables has also been found to be in line with 
rice where the higher daily rate of consumption might significantly increase the dietary 
arsenic intake per person. Contrary to this, vegetables have been found to contain 96 - 100 % 
iAs of the total arsenic content. As a result this may lead to an increase in the amount of 
dietary iAs intake especially for those individuals who consumed a high intake of leafy (eg: 
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spinach) vegetables per day originating from As-contaminated areas (Halder et al., 2013). A 
study undertaken by Rahman et al. (2013) estimated that vegetables alone can contributed to 
0.05 µg As/ kg bw/d as a result of a daily consumption of 205 g of vegetables. An alteration 
of the elemental concentration during the cooking process using locally contaminated 
cooking water has been reported to increase the elemental dietary intake of foodstuffs, such 
as, potato, carrots, tomatoes, onion, etc (Domingo, 2011; Bundschuh et al., 2012; Diaz et al., 
2015). 
To date, there are still a limited number of reports on the dietary intake of other trace 
elements, such as, Mo, V, Mn, Fe, Cu, Zn in rice and vegetables since much of the research 
has been focused on toxic elements, such as, As, Cd, Pb and Hg (Domingo, 2011; Al-rmalli, 
2012, Antoine et al., 2012; Rahman et al., 2014b). Therefore, more studies need to be 
undertaken on other elements rather than, or in association with, arsenic so as to evaluate if 
any health risks can arise from the consumption of foodstuffs produced and consumed in 
areas having raised water and soil levels of arsenic. Furthermore, it is important to study the 
combination of diet with the consumption of water (natural or contaminated) and the 
influence of using cooking water to prepare meals. This sum-total of possible arsenic and 
other trace element sources will contribute to a more accurate estimate of the daily elemental 
intake per person. 
 Bioavailability and bioaccumulation of trace elements 1.3.2
In plant systems, trace elements the transfer from soil to plants is largely controlled by the 
bioavailability of the element in soil (refer to section 1.1.5). However, the determination of 
the total soil trace element content does not always correlate to the concentration of the 
element in the corresponding plant. This may be because trace elements are normally readily 
available in the soil solution (Chojnacka et al., 2005; Bergqvist et al., 2014). In order to 
evaluate the plant phytoavailabilty of specific trace elements, various soil extraction 
procedures have been developed so that the process of bioaccumulation of the soil-plant 
system can be predicted (Martínez et al., 2011; Lin et al., 2013). A statistically linear 
relationship can normally be established between the soil extractable fraction and the plant 
elemental concentration using these procedures. This linearity can indicate if a non-essential 
or toxic trace element has been translocated from the soil to the plant. Additionally, the soil  
mineral oxide fraction (Fe/Mn), soil properties (pH, organic matter, redox potential, soil type, 
cation exchange capacity) and soil salinity can also significantly influence the bioavailability 
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of trace elements in plants (Acosta et al., 2011). Besides that, major elements (P, S, Ca, Mg, 
and K) and Si in soil, as well as the growing condition of either the field or controlled 
environment, have been suggested to influence the trace element speciation in the plant 
(Khan et al., 2010; Acosta et al., 2011; Bergqvist et al., 2014). 
In the context of establishing the possible toxicological effects of human exposure to trace 
elements, information about the elemental bioavailability in contaminated foods is crucial as 
these components are consumed via oral ingestion which enables them to reach the systemic 
circulation of the body (Moreda-Pin et al., 2011). Knowledge of the elemental bioavailability 
can subsequently enable an accurate estimation of the potential risk assessment for human 
health. An in-vivo study using a swine model revealed that organic arsenic is poorly absorbed 
in the gastrointestinal (GI) tract in comparison to inorganic arsenic (iAs) after oral 
administered with As-contaminated rice (Juhasz et al., 2006). Consumption of cooked rice 
using arsenate-contaminated cooking water was found to fully ‗digest‘ the inorganic As into 
the blood stream. Conversely, arsenic bioavailability has been shown to vary (50 - 100%) for 
digested vegetables. This is even if the crop was irrigated with arsenate-contaminated water 
and may be enhanced due to the presence of non-digestible polysaccharides in the vegetables 
(Juhasz et al., 2008). However, an in-vitro digestion method (in comparison with a in-vivo 
method) has been shown to be more accurate even though it is simplistic, of low cost and has 
a short analysis time period (Omar et al., 2013). Laparra and others (2005) have used Caco-2 
cells as a model of intestinal epithelia and observed that about 63 – 99 % of the inorganic 
arsenic (iAs) is available in the GI for rice that had been cooked with arsenate-contaminated 
cooking water. In addition, it was also observed that differences in the extent of arsenic 
absorption probably were due to the soluble component of the analysed rice. Meanwhile, 
Signes-Pastor and colleagues (2012) have observed that uncooked rice may contain higher 
levels of arsenic than cooked rice when the cooking water was ‗free‘ or below a level of 10 
g/l As. However, the level of arsenic in cooked rice significantly increased after using 
cooking water with a level of ≥ 47 g/l As. This resulted in a level of 36 – 99% for GI 
absorption depending on the rice matrix. 
 Aim and objectives  1.4
The primary aim of this research was to determine the As, Mo and other trace element levels 
in plants (pastures) and plant foodstuffs (rice and vegetables) in relation to local surface soils 
and groundwaters collected from non-contaminated (or control) and As-contaminated areas 
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of Argentina. Furthermore, a comparative study was undertaken in Chakdaha, West Bengal, 
India to evaluate the impact of groundwaters (with lower reported arsenic levels than in 
Argentina) used in the production of rice. These studies will enable an evaluation of the 
relationship within the water-soil-plants system, including the transference of As and other 
associated trace elements (especially the oxyanion-forming elements like Mo and V) into the 
food chain for human or animal consumption. The impact of the water chemistry (in terms of 
pH, Eh, conductivity, total dissolved solids, As and other trace elements) on local food 
preparation will also be evaluated since the As-groundwater is still used in local agricultural 
activities. Moreover, such water is used by rural communities for drinking water, cooking and 
other domestic uses. Therefore, an assessment of the potential arsenic problems in these 
Argentine provinces and in Chakdaha, West Bengal, India, especially in terms of water 
quality and human health (elemental dietary intake) could be measured. 
The objectives of this study included: 
(1) develop and validate a method for the determination of total molybdenum (Mo) in 
Argentine waters using graphite furnace atomic absorption spectrometry (GFAAS); 
(2) a laboratory comparison between inductively coupled plasma mass spectrometry 
(ICP-MS) and GFAAS for the determination of Mo in Argentine waters; 
(3) to develop and analytical validate (accuracy, precision, spiked recovery) methods of 
sample preparation (digestion) for the determination of arsenic, molybdenum and 
other trace elements in plants (especially rice) and soils; 
(4) to apply the use of inductively coupled plasma mass spectrometry (ICP-MS) for the 
determination of As, Mo, V and other trace elements in waters, soils (total and soil 
fractionation) and plant material (roots, stems/leaves, grains) from three provinces in 
Argentina; Río Negro and rio Colorado (control), La Pampa (south-eastern and 
central-northern) and Buenos Aires (southern) and evaluate the relationship of trace 
elements in water, soils and plants. Also, to use the water data for the calculation of 
hazarad quotient (HQ) as part of a health risk assessment associated with the 
consumption of these elements in the drinking water; 
(5) to determine the levels of arsenic species in waters using a field-based solid phase 
extraction (SPE) method (Watts et al., 2010) and compare with the total As levels of 
waters from Argentina and for the first time, from West Bengal, India. In term of 
Argentine water samples, selected anions (fluoride, chloride, sulphate, bromide, 
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nitrate and phosphate) were analysed by ion chromatography in order to evaluate the 
impact of these anion on the effiency of arsenic speciation using the SPE cartridges; 
(6) to evaluate the uptake of As, Mo and V and other trace elements in local foodstuffs 
following washing and cooking using naturally contaminated local groundwaters and 
tap waters (control);  
(7) to evaluate how food production of selected food crops, especially rice, through 
washing and cooking using field-collected water samples will influence the estimation 
of As, Mo, V and other trace elements daily dietary intake; and 
(8) to duplicate and apply the research methodology in Argentina to an area in Chakdaha, 
West Bengal, India with several changes in sample preparation with special reference 
to rice (soil, plant parts, grains, raw and cooked rice).  
 
 
  
 
 
 
 
 
Chapter Two 
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 Introduction 2.0
Figure 2.1 illustrates the analytical sequence used in this research study in order to achieve 
the aim and objectives in chapter 1. The sequence starts with the sampling protocol which 
involved the collection of water, plants, foodstuffs and soils from several provinces of 
Argentina (main research study) and India (collaborative study). These procedures are 
outlined in sections 2.1 and 2.2. In addition to the total trace element analysis of samples, on-
site arsenic speciation analysis of water, using solid phase extraction (SPE) cartridges, was 
also investigated and the details of the SPE technique are described in section 2.2.3. All 
foodstuffs, namely carrots, onions, potatoes and rice were purchased from local supermarkets 
in Argentina and were prepared in-situ using selected naturally contaminated water. Food 
preparation involved washing and/or cooking and is described in sections 2.3.2 and 2.3.3. 
Before analysis, all of the raw and prepared foodstuffs were digested in acid after calcination 
in a muffle furnace, as outlined in section 2.3.5. Plant samples were also digested using a 
similar method to that described for foodstuffs, whilst all soil samples were digested using 
the method described in section 2.4.3 for the determination of total trace element levels. In 
addition, the metal speciation analysis of soils was also undertaken using the Community 
Bureau of Reference (BCR) sequential extraction procedure, as detailed in section 2.4.4. For 
comparative purposes, a complementary study was undertaken in India using samples of 
water, rice plants, soils and rice grains (either purchased from local supermarkets or field 
grown). Samples were collected and prepared in-situ (rice washing and cooking) before being 
transported to the University of Surrey for further trace element analysis. The sample 
collection and preparation procedures used are similar to those described for Argentine 
samples but there is a slight difference in the soil digestion methods, which is outlined in 
section 2.4.3. Next, all sample solutions (water and digested plants, foodstuffs and soils) were 
analysed by inductively coupled plasma mass spectrometry (ICP-MS).  
The principles and application of this analytical technique, including optimisation, 
calibration, quantification (detection limit and linear dynamic range) and validation are 
described in section 2.5. Finally, the results obtained from the instrument are calculated and 
the statistical tests performed to evaluate the possible relationship between the environmental 
media are presented in section 2.7. 
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Note: GFAAS- graphite furnace atomic absorption spectrometry, SPE-solid phase extraction, DDW- double deionised water.  
 
Figure 2.1 Analytical sequence in the present study. 
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 Study regions 2.1
 Argentina 2.1.1
The province of La Pampa is located in the central zone of Argentina, an area that covers 
approximately 140,000 km
2
 within the Chaco-Pampean Plain (Smedley et al., 2002). This 
province has a semi-arid climate with an annual rainfall that is higher in the northern part 
(700 mm) compared to other parts of La Pampa (O‘Reilly et al., 2010). The present study lies 
along the ruta national 154 and 35 that transects the central (Eduardo Castex and Santa Rosa) 
and southeast (Bernasconi and General San Martin) regions of La Pampa, and ultimately 
leads into the southeast part of Buenos Aires province (from the border of La Pampa-Buenos 
Aire to San Germán) (refer to Figure 2.2). The well water which is pumped from 
underground sources of the Quaternary loess aquifers have been used predominantly as 
irrigation water on agricultural land (grain and animal pasture production) and animal 
grazing/watering (cattle, goats, horses and sheep) (Smedley et al., 2002). In this study, water 
samples were collected from farm wells (including fan drawn pipe outlets and storage tanks) 
and treated tap water pipes (General San Martin and Santa Rosa treatment plants).  
In addition, water samples from the Río Colorado (southern border of the La Pampa 
province) and the Río Negro (along the Alto Valle of the Río Negro province) were collected 
as a control or non-contaminated/background sites. The Río Colorado was selected for two 
reasons, as a comparative site for the samples collected in the south-eastern San Martín 
region, and because this river is used to pipe water over distances of 300 km for drinking 
water in Santa Rosa and Bernasconi/General San Martín. Plants and their corresponding soil 
samples were collected adjacent to water sources or where there was direct evidence of local 
irrigation activities. More details for each sampling location are provided in Chapter 3 
(waters) and Chapter 4 (plants and soils). In Santa Rosa, La Pampa, a few water samples 
were collected from local wells and an associated reverse-osmosis water treatment plant. All 
water samples were measured for their total trace element levels along with arsenic speciation 
data (see sections 2.2.2 – 2.2.3 for details of the procedure). 
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Figure 2.2 Map shows all of the study regions in the present study during 2014-2016. The 
sampling locations included: control sites (Río Negro province and Río 
Colorado rivers), and study sites besides ruta national 154 and 35 (La Pampa 
and Buenos Aires provinces) (modified from Google Maps™). 
 
 India 2.1.2
A collaboration study with researchers from the Indian Institute of Science Education and 
Research- Kolkata was undertaken in January-April 2016. This was to compare samples from 
the naturally high As areas of Argentina with an As-endemic region in Asia. The study site 
was located in the Sarapur village of the Chakdaha block of the Nadia district of West 
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Bengal, India (refer to Figure 2.3). The Chakdaha block was confirmed by a previous study to 
be an As-affected area due to the As levels in the groundwaters being above the World Health 
Organisation (WHO) permissible limit for drinking water (of 10 µg/l As) and the US Food 
and Agricultural Organisation (FAO) permissible limit for irrigation water (of 100 µg/l As) 
(Bhattacharya et al., 2009; Shrivastava et al., 2011). The studied village was primarily 
agriculture-based and groundwater was used for various purposes, including the irrigation of 
traditional continuously flooded rice paddies. The water samples and their corresponding 
paddy plants and soils were collected from non-contaminated (control) and contaminated 
(low land) agricultural fields. The non-contaminated field was irrigated using 
rainwater/surface water (with levels typically < 50 µg/l As) throughout the year, whilst the 
contaminated field was irrigated with As contaminated water (> 100 µg/l As), especially 
during the dry season. The As speciation analysis of the water samples was undertaken using 
the same solid phase extraction (SPE) kits used for Argentine water, as described in sections 
2.2.2 - 2.2.3. 
 
 
Figure 2.3 Map of the sample locations from the Sarapur village in Chakdaha, West 
Bengal, India (adapted from Shrivastava et al., 2014). 
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 Sample collection and preparation: Water 2.2
 Physicochemical parameters 2.2.1
The physicochemical parameters for each water sample, namely, temperature (°C), pH, 
electrical conductivity (EC - µS/cm), total dissolved solids (TDS – parts per million, ppm) 
and redox potential (Eh – mV) were recorded in-situ using two hand-held devices prior to the 
filtration and acidification of the samples. A Hanna HI 98129 Digital Combo Meter (Hanna 
Instruments Ltd, Bedfordshire, UK) was used for the measurement of water conductivity, pH 
and TDS, whilst the redox potential was determined using a Hanna HI 98120 Digital ORP 
Meter (Hanna Instruments Ltd, Bedfordshire, UK). 
The Hanna HI 98129 Digital Combo Meter required regular calibration for pH and EC/TDS 
measurements which were normally carried out in the laboratory prior to the sample 
collection period. The pH was calibrated using two points of buffer solutions; pH 7.01 and 
pH 4.01 (provider) and the EC device was achieved using a HI 17031 (1413 S/cm) calibration 
solution (Hanna® Instruments Ltd, Bedfordshire, UK). No calibration of the TDS was 
required due to the relationship between electrical conductivity and total dissolved solids 
(TDS). For a redox potential device (ORP meter), no further calibration was required 
following factory standardisation (HI 98120 Instruction Manual, Hanna® Instruments Ltd).  
 Total trace elements 2.2.2
For the determination of arsenic and other trace elements, about 15 ml of surface (river, pond 
or treated tap water) and groundwater (well) samples were collected at each sampling 
location (section 2.1) into an acidified (5% v/v nitric acid; trace element grade from Aristar®, 
Fisher Scientific, UK) 15 ml capacity polypropylene tubes (Fisher Scientific Ltd, 
Leicestershire, UK). Prior to collection, the samples were drawn up into a disposable, clean 
and rinsed (three times with the collected sample) 20 ml BD™ plastic syringe (BD 
Plastipak™, Oxford, UK) and filtered through a 0.45 µm syringe-driven unit syringe 
(Millex®-GP, Millipore, Hertfordshire, UK). The acidification and filtration steps are 
essential to ensure no loss of the trace elements through sorption to particles or 
microorganisms in the original unfiltered sample (Kumar & Riyazuddin, 2010). 
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 Field-based arsenic speciation using SPE cartridges 2.2.3
Arsenic speciation analysis was undertaken using a field-based solid phase extraction (SPE) 
kit developed by Watts et al. (2010). The SPE kits contained pre-conditioned 500 mg Bond 
Elut® strong cation exchange (SCX) and strong anion exchange (SAX) cartridges (Agilent 
Technologies, Cheshire, UK). Each cartridge was pre-conditioned using 15 ml of 50% v/v 
methanol (Sigma-Aldrich, Dorset, UK) and 10 ml of distilled deionised water (DDW, 18.2 
MΩ), an additional aliquot of 15 ml 1 M phosphoric acid (BDH, Aristar®, UK) was used in 
the case of the SCX cartridge. At the final stage of the conditioning process, a small volume 
of DDW (1-2 ml) was left in the cartridges to ensure that the packing material remained 
moist during storage. After that, both SCX and SAX cartridges were connected in series with 
0.45μm filters, as presented in Figure 2.1. The filtration step during field sampling was 
included to prevent the conversion of arsenic species due to the the presence of any hydrated 
ferric oxides or microbial activity in the water (Leybourne et al., 2014). 
Prior to loading a sample, the DDW in the prepared cartridge was ejected by pushing air 
through using a 20 ml syringe (BD Plastipak™, Oxford, UK). Then, the syringe was rinsed 
twice with the water sample before a total of 30 ml was passed through the SPE kit. After this 
step, an air-filled syringe was used to ensure that all of the water sample was completely 
removed from the cartridge. Arsenite (iAs
III
) does not interact with the solid phase in either 
cartridge and therefore passes through to the effluent. The SCX cartridge retains the 
dimethylarsinic acid (DMA
V
), whilst the SAX cartridge retains the monomethylarsonic acid 
(MA
V
) and arsenate (iAs
V
) species. All collected water samples and SPE kits were then fully 
labelled, packed and stored in a fridge at 4C before transportation to the University of 
Surrey. It has been suggested that high concentration of the anions, namely sulphate and 
nitrate, may influence the arsenic speciation recovery using the SPE cartridges (Watts et al., 
2010; O‘Reilly, 2010). Therefore, in this study the pooled water samples from each of the 
sampling sites (Argentina) will be analysed by ion chromatography to evaluate whether such 
anions may influence the sum total of the arsenic species (Chapter 3 and Appendix C6).  
On the return to the laboratory, both cartridges were disconnected for the elution processes 
(Figure 2.4). A 5 ml aliquot of 1 M HNO3 (trace element grade, Aristar®, Fisher Scientific 
Ltd, Leicestershire, UK) was passed through the SCX cartridge for the elution of the DMA
V 
species. For the SAX cartridge, 5 ml of 80 mM Aristar® acetic acid (CH3COOH, BDH, 
Poole, UK) was first passed through the cartridge, followed by 5 ml of 1 M HNO3 in order to 
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recover the MA
V
 and iAs
V
 species, respectively. Finally, air was pushed through the 
cartridges following the eluent loading to achieve maximum recovery of the arsenic species. 
All arsenic fractions were stored at 4C or immediately analysed by ICP-MS. 
 
 
Figure 2.4 Field-based arsenic speciation analysis of waters using solid phase extraction 
(modified from Watts et al., 2010).  
 
 Sample collection and preparation: Plants and foodstuffs 2.3
The plant samples from both countries were collected from the sites adjacent to the water 
well tanks or where there was clear evidence of groundwater being used in crop irrigation. 
Plant samples collected from Argentina were mostly pasture grasses that were used for 
animal grazing in the farming land of La Pampa. The plant materials were selected from a 1 
m
2
 area and samples were collected by the process of composite sampling (Figure 2.5). 
Cultivated pastures are grazed by cattle and horses and occasionally sheep. Forage legumes 
like lucerne (Medicago sativa), clovers (Trifolium repens, T. pratense) and birdsfoot trefoil 
(Lotus corniculatus) fix nitrogen that is transferred to grasses, such as, tall fescue (Festuca 
arundinacea) and canary grass (Phalaris canariensis). In addition, some forage crops in the 
pampas region include, brome (Bromus catharticus), cocksfoot (Dactylis glomerata), rye 
grasses (Lolium perenne and L. multiflorum) or Agropyron elongatum (Garbulsky & 
Deregibus, 2006). A composite sample was then carefully cleaned by hand to remove all of 
the soil particles from the roots before being placed into a labelled paper bag. All samples 
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were allowed to dry in-situ by direct sun exposure in the field, then sealed with white tape 
and placed into large polypropylene bags for transportation to the University of Surrey.  
 
 
Figure 2.5 Collection of plant and soil samples by the process of composite sampling 
(modified from Patil, 2006). 
 
In the case of India, the rice plants were collected from the paddy field of Sarapur village 
using the same sampling strategy as described for Argentina. The plant materials were 
randomly taken from the plots and brought to the laboratory for further analysis. The rice 
plants were washed with DDW and air-dried before being separated into different parts; 
shoots, roots, husks and grains. The samples were then dried  in an oven at 60C for 48 hours, 
ground into a powder and sieved through a 2 mm sieve in order to provide a homogenised 
sample (Shrivastava et al., 2016). Finally, the samples were packed and labelled before being 
transported to the University of Surrey, UK. 
All fresh onions, potatoes, carrots and rice grains (long grain variety) were bought from a 
local Argentine supermarket for subsequent use in the washing and cooking experiments 
using selected naturally contaminated water (unfiltered) (details in Chapter 5). For India, the 
rice grains of different varieties were collected from control and As-contaminated fields, as 
well as purchased from the local markets (details in the Chapter 6). The procedures for the 
washing and cooking of foodstuffs are outlined in the following section. 
 Washing and cooking of onions, potatoes and carrots 2.3.1
In the field, all fresh foodstuffs (typically approx. 10 - 45 g fresh weight, depending on type 
of foodstuffs) were diced into 8 small pieces (appox. 1 cm slices).  The carrots and potatoes 
were unpeeled and directly used as it was packed for the local market whilst the skin of the 
Individual plant in the 
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2 
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onions was removed prior to the washing or cooking experiments. Next, each of the foodstuff 
samples was washed using 200 ml of  the selected naturally-contaminated groundwater 
(unfiltered) for about 5 minutes, and then the washing solution was decanted. After that, the 
washed foodstuffs were cooked in a pot (commonly made from aluminium) containing 
boiling water (unfiltered, freshly sampled naturally contaminated water) for 5 and 10 
minutes. The difference in cooking time was used to evaluate the effect of contact time on the 
elemental uptake of the cooked foodstuffs. The duration of 5 or10 minutes was enough to 
represent the common cooking time for boiled vegetables in the present study. All collected 
foodstuffs, including raw, washed and cooked samples, were allowed to air dry and be 
transferred into a labelled plastic bag and kept in the fridge at < 4 C until transportation to 
the University of Surrey. A small portion of the raw sample (unwashed and uncooked) for all 
foodstuffs were kept in separate labelled polypropylene bags so as to evaluate the differences 
between raw and washed/cooked samples. 
 Rice washing  2.3.2
In order to evaluate the effect of the preparation and cooking of rice with naturally 
contaminated water (unfiltered) in Argentina, two different procedures were applied, namely 
modern and traditional. On the other hand, only a traditional method was applied for the rice 
study in India. In the traditional method, the rice was cooked in an excess of water using a 
common cooking pot and some of the remaining liquid was decanted after the soft eating 
texture was obtained. Whilst in the modern method, the rice was cooked using a low volume 
of water and no water discarded during the cooking process using an automatic electric  rice 
cooker (see section 2.3.3.1 for details). In this study, there was a slight difference in the rice 
cooking techiques of the traditional method between both countries as it depended on local 
practices. The procedures for the different methods vary in terms of the timing and the 
volume of the water used for the washing step(s), as is described in the following sections 
2.3.2.1 and 2.3.2.2.  
 Washing rice by the modern method 2.3.2.1
About 75 g (fresh weight) of commercial raw rice (long grain variety) was placed into a 
plastic bowl. Then, a cup (90 ml) of selected contaminated groundwater or treated tap water 
(used as a control) was added and stirred using a plastic spoon for 2 minutes. The resultant 
washing water was then decanted. This step was repeated two more times using fresh 
contaminated or control water, thereby providing a total washing time of 6 minutes. A small 
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portion of the washing water was collected at the end of each washing step, filtered through a 
0.45 m unit (Millex®-GP, Millipore, Hertfordshire, UK) and transferred into an acidified 
(5% v/v nitric acid, Aristar®, Fisher Scientific, UK) 15 ml capacity polypropylene tube, fully 
labelled and sealed with white tape. In addition, the rinsed rice was also collected after each 
2-minute washing interval, and after air-drying was stored in labelled polypropylene bags. 
 Rice washing by traditional methods 2.3.2.2
 Argentina 2.3.2.2.1
For the study in Argentina, approx. 80 grams (fresh weight) of locally obtained commercial 
rice samples (long grain variety) were transferred to a plastic bowl, and then 200 ml of water 
(contaminated groundwater or treated tap water) was added and continuously stirred for 5 
minutes using a plastic spoon. Then, the washed rice was removed using a plastic sieve spoon 
and the rice was placed into a polypropylene bag and sealed (after air-dried). An aliquot of 
the washing solution was transferred into a Sterilin™ tube, sealed and labelled. This water 
sample was not filtered at the time of sampling due to the time constraints necessary for 
cooking the rice. The remaining washing water was then discarded. All samples were kept in 
a fridge at < 4 C until transportation to the University of Surrey.  
 India 2.3.2.2.2
For the study in India, only a traditional method was used for washing the rice, following 
local practices. Each rice sample (section 2.3) was washed three times using two different 
types of water, namely, field-contaminated (groundwater) and untreated tap water (surface 
water). About 10 grams of rice were transferred to a plastic bowl, and then 100 ml of water 
was added followed by continuous stirred for 30 seconds using a plastic spoon, after which 
the washing water was discarded. This step was repeated two more times using fresh 
contaminated or control water. Here, the washed rice was collected only after the third 
washing step, and transferred into a labelled polypropylene bag for further analysis. Once in 
the laboratory (in India), the washed rice was dried at 60C for 72 hours or until a constant 
weight was reached. The dried samples were then transferred to a labelled polypropylene bag 
and kept at room temperature until being transported to the University of Surrey. 
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 Rice cooking 2.3.3
There are various ways of cooking rice across the world, which generally depends on cultural 
practices (Signes et al., 2008; Raab et al., 2009; Naito et al., 2015) . One of the common ways 
is cooking the rice in a pot with an excess of boiling water after having washed the rice. Once 
the rice is softened and cooked, the excess water from the cooking process is decanted. This 
is accepted as a traditional method, especially in the rural areas of Asian countries and in 
Argentina. However, nowadays a modern technique using electrical rice cookers is becoming 
popular as it offers a convenient and easy way to cook rice. The traditional method generally 
uses a much higher water:rice ratio (5-6:1) than the modern method (2:1). The rice cooker is 
programmed to automatically turn off and all the water is normally absorbed by the rice after 
15 - 20 minutes of cooking. This technique is often applied within modern societies as it 
saves time and does not require further attention once the rice cooker is set to cook. 
 Cooking rice by modern methods 2.3.3.1
Cooking rice using modern methods followed two different procedures, method MMW and 
method MM. In method MMW, washed rice (as described in section 2.3.2.1), was added to 
fresh cooking water (unfiltered natural groundr/tap water) at a ratio of 1 volume rice (75 g)  
to 2 volumes of water ( 150 ml) and cooked using a 1 L mini electric rice cooker 
(Guangdong Oushiba Car Appliance Co., Ltd. China), according to the recommendations 
provided in the rice cooker manual. After 15 minutes, the cooker is automatically turned-
off. The rice cooker was left to stand for about 5 minutes in order to make sure all of the 
cooking water had evaporated. Then, the cooked rice was removed from the cooker and air-
dried before being transferred into a labelled polypropylene bag and sealed. In order to study 
the effect of washing, raw rice without a washing step (method MM) was also cooked using 
the same rice:water ratio.  
 Cooking rice by traditional methods 2.3.3.2
For the Argentine study, 90 g of washed rice (as described in section 2.3.2.2a) was added to 
500 ml of boiling water (unfiltered natural ground/tap water) in a cooking pot (commonly 
made of aluminium), covered with a lid and left to boil for 5 or 10 minutes. This time interval 
was suffient to obtain a soft cooked rice. The excess of starch water was discarded and the 
rice was kept in the pot with the lid in place for a couple minutes to steam off the heat. The 
cooked rice was allowed to cool and air-dried before being transferred into a labelled 
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polypropylene bag and sealed. A small portion of the starch water was also collected into a 
labelled and acidified (5% v/v HNO3, trace element grade from Aristar®, Fisher Scientific, 
UK ) 15 ml capacity polypropylene tube. This water sample was not filtered at the time of 
sampling due to the time constraints necessary for cooking the rice. All samples were stored 
in a fridge at 4C until transported to University of Surrey, UK. 
For the study in India, 10 g of washed rice (section 2.3.2.2.2) was added to 250 ml of boiling 
cooking water (unfiltered field-contaminated/ tap water) in a glass pot and covered with the 
lid. The rice was boiled for 10 minutes, the excess starchy water was then discarded (not 
collected) and the boiled rice was kept in the pot off the heat with the lid on for five more 
minutes to steam. After the cooked rice was cooled and air-dried, a portion (10 g) was 
transferred into a labelled polypropylene bag, sealed and transported to the laboratory (in 
India). Once in the laboratory, the samples were dried in a drying cabinet at 60C for 72 
hours or until constant dry mass was reached. The dried samples were then transferred to a 
labelled polypropylene bag and kept at room temperature until transported to the University 
of Surrey. 
 Drying of the plants and foodstuff samples 2.3.4
On return to the laboratory (University of Surrey, UK), all collected plants and foodstuff 
samples (potatoes, carrots, onions and rice) including raw, washed and cooked were dried in 
the drying cabinet (LTE Scientific Ltd, UK) at 60C for 48-72 hours or until constant dry 
mass was reached. The only exception was the samples from India, which had been oven–
dried before transportation to UK. The plants were then separated into plant components 
(roots, stems/leaves) and ground in a glove box using a pestle and mortar (ceramic), 
transferred to a labelled Sterilin™ container and stored in a cupboard at room temperature 
until further analysis. The dried samples of foodstuffs were also ground and stored in the 
same condition as the plant samples. 
 Total digestion of plants and foodstuffs for trace element analysis 2.3.5
The most widely recommended method in the peer-reviewed literature for the digestion of 
plant material, foodstuffs and rice, prior trace metal analysis, is acid-digestion assisted by 
microwave energy (Hajar et al.,, 2014; Roseet et al., 2010; Aydin, 2008; Millour et al., 2011; 
Altundag & Tuzen, 2011). Although sample decomposition by microwave offers many 
advantages over the traditional digestion methods (Demirel et al., 2008), such instrumentation 
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is not available at the ICP-MS Facility, University of Surrey. Hence, a dry digestion method 
using a muffle furnace was used throughout this study. This method has been reported to give 
accurate results with a good recoveries (80-100%) for many elements in such samples 
(Akinyele & Shokunbi, 2015; Altundag & Tuzen, 2011; Aydin, 2008; Saracoglu el al., 2007). 
Approximately, 0.2500 ± 0.0001 g of dried plant or 0.5000 ± 0.0001 g aliquots of dried rice 
samples (raw/washed/cooked) were subjected in triplicate to dry ashing using a muffle 
furnace (Carbolite AAF1100) at 500C for 12 hours, before dissolution of the homogenised 
ash with 1 ml of concentrated nitric acid (Primar plus 68% (v/v), Fisher Scientific). The 
digest solution was then diluted to 25 ml using doubled deionised water (DDW, 18 M), 
filtered with a 0.45 µm unit (Millex®-GP, Millipore, Hertfordshire, UK) and transferred into 
a 15 ml capacity polypropylene tube for analysis by ICP-MS. Blanks and certified reference 
materials (plants and rice) were also prepared using the same method as for the rice and plant 
samples. The percentage recoveries for the certified reference materials are provided in 
section 2.5.8. 
 Sample collection and preparation: Soils 2.4
 Soil collection  2.4.1
Surface soils, at a depth of 0–20 cm were collected (see Chapter 4 for details) at similar 
locations to water samples using a pre-washed (DDW; 18.2 MΩ) stainless steel spoon or 
plastic spade. The composite soil (Figure 2.3) from 5 sub-samples were taken within a radius 
of 0.5 – 1.5 m and mixed together at each sampling site to obtain a bulk sample. The sample 
(0.5 kg weight) was placed into a small labelled paper bag and allowed to dry at ambient 
temperature (typically 25 to 40 °C) in the field before being transported to the laboratory in 
the United Kingdom. 
Once in the laboratory, the soil samples were air-dried for 3 to 5 days, depending on the 
moisture content of the sample, until constant weight was reached. Then, the samples were 
ground in a glove box using a pestle and mortar (made of ceramic) before being sieved 
through 1.4 mm and < 125 m mesh size stainless steel sieves. The sieved soil samples were 
kept in labelled polypropylene bags, properly sealed and stored in a cupboard at room 
temperature until further analysis.  
Chapter 2: Analytical Methodology 
48 
 
 pH of soils 2.4.2
The soil pH gives an indication of  the acidity and alkalinity for a soil system by measuring 
the concentration of the hydrogen ion [H
+
] in the soil solution. It plays an important role in 
the processes of sorption and desorption of trace elements in soil, thus affecting the mobility 
and bioavailablity in relation to plant uptake (Vega et al., 2010; Black et al., 2011). In 
general, plants take up nutrients (macro or micro) only in the form of dissolved trace 
elements from the soil solution via the root system at different pH values. The specific pH 
that determines the bioavailability of trace metals to plants will depend on several factors, 
such as the metal speciation, the plant species, cultivation regime, climate (humid or arid) and 
soil geology  (Manzano el al., 2014; Adamczyk-Szabela et al., 2015). In acidic pH, soil 
micronutrients, as well as toxic elements, tend to be found as free ionic species or soluble 
organometallic compounds, which increases the mobility of the trace elements present in the 
soil (Olaniran et al., 2013). In contrast, at alkaline pH levels, metals are likely to form metal 
insoluble phosphates and carbonates, which consequently reduces the available amount of 
heavy metals in the soil solution (Zhao, et al., 2010). 
 
 
 
Figure 2.6 The procedure for the determination of soil pH. 
 
 
10 ± 0.0000 g of air-
dried soil (< 1.4 mm) 
were weighed into a 
cleaned 50 ml capacity 
polypropylene tube. 
 
25 ml of double 
deionised water (DDW, 
18.2 MΩ) was added to 
soil. 
The soil:water 
suspension was shaken 
using an orbital shaker 
for 30 minutes and 
allowed to settle for 5 
minutes. 
The soil:water suspension was 
shaken using an orbital shaker 
for 30 minutes and allowed to 
settle for 5 minutes. 
The supernatant was stirred using a glass rod 
for 10 seconds before measurement using a 
pre-calibrated (pH 4. 7 and 10) pH meter. 
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In the present study, the soil pH was determined by mixing doubled deionised water with the 
soil at a soil:water ratio of 1:2.5, and the pH measured in the supernatant of the resulting 
suspension with a calibrated pH-electrode, as illustrated in Figure 2.6. Although the 
determination of soil pH using salt solutions (CaCl2 or KCl) are widely used (Kabata-
Pendias, 2011)  the extraction with water better reflects the concentration of hydrogen ions of 
the soil solution (Mengel & Kirkby, 2001b). 
 Total digestion of soils for trace element analysis 2.4.3
Prior to the determination of the total trace element levels by ICP-MS, soil samples were 
normally decomposed using different types of acid mixtures to obtain a dissolved solution 
containing the analytes of interest. The chemical digestion of soils utilising various acid 
minerals, such as nitric acid (HNO3), hydrochloric acid (HCl), perchloric acid (HClO4), 
hydrofluoric acid (HF) and sulphuric acid (H2SO4), have been reported, using either a hot 
plate (digestion in open vessels) (Yang et al., 2016; Barla et al., 2017) or assisted by 
microwave energy (closed vessels) (Chen & Ma, 2001; Nadimi-Goki et al., 2014). Among all 
the mineral acids, nitric acid is commonly used as it prevents the formation of insoluble salts, 
which could occur when using HCl or H2SO4 (Kebbekus, 2003). Additionally, hydrogen 
peroxide may be required in order to completely mineralise organic-rich samples following 
digestion with HNO3,  (Xing & Yeneman, 1998; Hödrejärv & Vaarmann, 1999). On the other 
hand, aqua regia (HNO3:HCl, 1:3 v/v) is widely used for the digestion of most soil samples 
as it is sufficient to dissolve metals unbound or weakly bound to silicate phases. However, 
the elemental concentration obtained after treatment with this acid mixture is usually 
regarded as ‗pseudo-total‟ analysis due to the incomplete dissolution of the silicate fraction in 
soils (Chen & Ma, 2001; Cruz et al., 2014). When total dissolution is required, the silicates in 
the soil samples can be dissolved completely using HF in the final step of the acid digestion 
procedure (Gaudino et al., 2007).  
In this study, soil samples were digested using a mixture of aqua regia (HNO3:HCl, 1:3 v/v) 
(Primar plus 68% (v/v) HNO3; Trace element grade 37% (v/v) HCl, Fisher Scientific) and HF 
(47% v/v, Sigma Aldrich), heated on a hot plate at 120C. The digestion procedure is 
outlined in Figure 2.7.  
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Figure 2.7 Soil digestion procedure in this study. 
 
 Soil sequential fractionation  2.4.4
Sequential extraction of solid samples (soils and sediments) has been widely reported to 
evaluate the metal mobility, availability and bioavailability under various environmental 
conditions (Bielicka-Giełdoń et al., 2013; Sungur et al., 2014; Fernández-Ondoño et al., 
2017). They are often referred to as operational speciation methods, because the data 
obtained will provide information of the elemental behaviour and binding to each associated 
solid phase (Rodgers et al., 2015).The principle behind sequential fractionation is that the soil 
sample is subjected to a series of extracting reagents and the sorbed elemental are released 
from the solid phase into solution. Generally, five elemental fractions can be defined, 
associated with different solid phases in soils, namely, (1) exchangeable, (2) carbonate 
bound, (3) Fe–Mn oxide bound (reducible), (4) organic (oxidisable) and (5) residual.  
Elementals in the exchangeable fractions are the most mobile and available for organism or 
plant uptake whilst the fraction of carbonate, oxides and organic matter can be potentially 
0.2500 ± 0.0005 g of air-dried soil (< 125 m) was weighed into an acid-washed and dried 
polypropylene digestion squat beaker. 
 
Glass beakers filled with water and anti-bubbling granules (digesters) were placed on top of 
the hot plate and the temperature was set to 120C.  
12 ml of aqua regia (HNO3:HCl, 1:3 v/v) were added to each sample before placing the 
squat beakers into the water-filled digesters.  
Once in the digesters, the samples were left to heat up, allowing any effervescence to 
subside before adding 10 ml of conc. HF. 
The squat beakers with the samples were removed from the digesters and the residues were 
dissolved with 1 ml of conc. HNO3, followed by dilution with DDW (1-5 ml) and 
transferred to a labelled Sterilin vial. The volume was made up to 25 ml with DDW. 
The acid mixture was reduced to near dryness and allowed to cool in the digesters. 
The digested solution was filtered (0.45 µm) and stored for analysis by ICP-MS. Further 
dilution may be needed for elements, such as Fe and Mn.  
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bioavailable. However, the residual fraction is the least mobile one due to the tight binding of 
the minerals, which are soluble in strong acid solutions (Okoro et al., 2012; Rodgers et al., 
2015). Despite some uncertainties related to the selectivity of the reagent or the possibility of 
the redistribution of metals during the extraction, the sequential procedure is still commonly 
used as it provides more comprehensive information rather than assessing the total pedogenic 
elemental concentration. This may be useful in making inferences about the behaviour of 
elements in soils as part of an environmental impact assessment.  
In terms of the reported sequential extraction methods, the BCR, European Community 
Bureau of Reference (now called the European Community (EC) Standards Measurement and 
Testing Programme) method has been widely considered as a reliable procedure and has been 
commonly applied to compare results obtained using other sequential extractions 
(Ţemberyová et al., 2006). A modified 3-step BCR procedure, as described by Rauret et al. 
(1999), has been applied for the Argentine soil samples (Figure 2.8). This method consists of 
three elemental fractions, which are released under acidic, reducing and oxidising conditions 
following the reaction with different specific chemical extractants (Table 2.1), in addition to a 
residual fraction.  
 
Table 2.1 Elemental extraction of soil samples using a 3-step BCR sequential extraction 
procedure (Rauret et al., 1999). 
 
Extraction 
step 
Chemical extractant Soil fraction 
1 0.11 mol/l 
acetic acid  
Acid soluble: exchangeable and carbonate-bound 
metals 
2 0.5 mol/l 
hydroxylammonium 
chloride, pH 1.5  
Reducing: metals bound to iron and manganese 
oxides and hydroxides 
3 30 % v/v hydrogen 
peroxide 
Oxidizing: metals bound to organic matter and 
sulphide compounds 
4 Aqua regia + HF 1:1 v/v Residual: metals associated with minerals bound to 
their crystal structure. 
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Figure 2.8 Modified BCR 3-step sequential extraction procedure utilised in this study 
(Rauret et al., 1999). 
Step 1: 1.000 ± 0.001 g of dried sieved soil in 50 ml 
Sterilin® centrifuge tube (Fisher Scientific Ltd, 
Leicestershire, UK) + 40 ml of acetic acid (0.11 M) 
 
Step 2: The residues + 40 ml of freshly prepared 
hydroxylammonium chloride (0.5 M, pH 4). 
 
Step 3: The residue was added with 10 ml of H2O2 (> 30 
%). Tube was loosely covered and digested at room 
temperature (~ 22C) for 1 hour, followed by digestion at 
85C in a water bath for 1 hour (uncovered) until the 
volume reduced to < 3 ml.  The process was repeated 
with another 10 ml of H2O2 until the volume was reduced 
to  1 ml. Then 50 ml of ammonium acetate (1 M, pH 2) 
was added to the cool moist residue. 
 
 
Step 4: The residue was digested using 12 ml of aqua regia 
(HNO3:HCl, 1:3 v/v) and 10 ml of HF as described for 
total soil digestion. 
 
Shaking 
 
Extraction 
 
Washing 
 
Shaking 
 
Extraction 
 
Washing 
 
Shaking 
 
Extraction 
 
Washing 
 
Extraction:  
Centrifuged at 3000 
rpm for 20 min (Fisher 
Scientific, 
Leicestershire, UK) and 
decanted into container 
and stored at 4C until 
analysis. 
 
Shaking:  
16 hrs at 200 rpm 
using an orbital 
shaker at room 
temperature. 
 
 
 
 
Washing:  
Add 20 ml of 
DDW, shaken 15 
min, centrifuged at 
3000 rpm for 20 
min and decant the 
supernatant. 
 
 
Chapter 2: Analytical Methodology 
53 
 
 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 2.5
Inductively coupled plasma mass spectrometry or ICP-MS has been widely used for the 
multielemental analysis of various types of environmental samples, including waters, soils, 
sediments, plants, as well as foodstuffs and biological samples (O‘Reilly, 2010; Millour et al., 
2011; Farnfield, 2012; Lord, 2014). This instrument offers the advantage of the quantification 
of metals and metalloids in a single run, isotopic dilution analysis, a wide linear dynamic 
range (linear part of the elemental calibration curve that can be used to calculate the 
concentration of an element in an unknown sample), very low detection limits (typically sub-
microgram per litre or µg/l – ppb or parts per billion, 10-9g/l) and high levels of accuracy and 
precision for only small amounts of sample (Beauchemin, 2010; Pröfrock & Prange, 2012).  
In this study, an Agilent 7700x Series ICP-MS (Agilent Technologies, UK) instrument 
installed at the University of Surrey was used for the determination of trace element levels for 
all environmental and foodstuff samples (Figure 2.9). This Agilent ICP-MS is featured with a 
3
rd
 generation Octopole Reaction System (ORS
3
) to remove any possible spectral 
interferences. Sample introduction through the quartz, Peltier-cooled, Scott-type double-pass 
spray chamber and concentric MicroMist nebuliser, was facilitated by an ASX-500 series 
autosampler. 
 Principles of inductively coupled plasma mass spectrometry (ICP-MS) 2.5.1
A number of different ICP-MS designs are commercially available due to fast-growth and 
demand in trace element techniques. Generally, the basic components of the instrumentation 
(namely nebuliser, spray chamber, plasma torch, interface and detector) are similar but the 
design of the interface, ion focusing system, mass separation device and vacuum chamber 
could significantly differ. In ICP-MS, liquid samples are converted to positively charged ions 
in the high temperature zone of the plasma. The cations then travel into the mass 
spectrometer via an interface region to enable the separation of the ions based on their mass-
to-charge ratio (m/z). More details for each stage in the ICP-MS are provided in the following 
sections (Thomas, 2013; Lord, 2014). 
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Figure 2.9 Instrumentation of an inductively coupled plasma mass spectrometer (ICP-
MS) (source: Lord, 2014). 
 
 Sample introduction 2.5.1.1
The main purpose of the sample introduction system is to generate a fine aerosol of the 
sample that could be efficiently ionized in the plasma discharge. The sample in liquid form is 
introduced into the nebuliser by the carrier gas (argon) via a peristaltic pump at a flow rate of 
0.4 – 1.5 ml/min. The nebuliser converts the sample into an aerosol (typically < 10 µm 
droplet size). Only tiny aerosol droplets (1-3 %) can emerge from the exit tube of the spray 
chamber and are transported into the plasma torch through a sample injector, whilst the larger 
droplets (> 20 µm) are drained to waste after coalescing in the spray chamber. The most 
common nebuliser used for an ICP is the pneumatic nebulizer, which uses the mechanical 
force of a gas flow to generate the sample aerosol. Popular designs of this type of nebuliser 
include the concentric, microconcentric, microflow and crossflow. In order to achieve 
excellent levels of sensitivity and stability, the selection of the nebuliser will depend on the 
matrix of the sample. For instance, a concentric design is particularly used for clean samples 
whilst a crossflow is more tolerant to high concentrations of dissolved solids or suspended 
particles (Thomas, 2013). 
 Inductively coupled plasma (ICP) 2.5.1.2
In ICP-MS instruments, the ICP torch is positioned horizontally and consists of three 
concentric quartz tubes with a copper induction coil (2-3 cm diameter) wrapped around the 
top end of the torch, connected to a radio frequency (RF) generator (Thomas, 2013; Linge & 
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Jarvis, 2009). Initially, a tangential flow of argon gas is passed between the outer and middle 
tubes of the quartz torch. This results in a change of the plasma position in order to prevent 
direct contact with torch walls. An auxiliary gas then flows in the middle tube at a rate of 0.5 
to 1.5 l Ar /min to adjust the spacing of the plasma to the tube and the sample injector. When 
the RF power (typically 750–1500W) passes through the copper coil, an intense 
electromagnetic field is created due to the oscillation of alternate current (AC) within the coil 
at the frequency of the RF generator (27 or 40 MHz). A high-voltage spark from a Tesla coil 
is applied to the flowing argon in the torch, thus producing free electrons following the 
ionisation of an argon atom. More electrons are produced when the free electrons accelerate 
towards the RF coil and collide with another argon atom. The collision among ions, atoms 
and free electrons creates a very high temperature in the plasma (~8,000 K) at the open end of 
the tube. The ICP discharge is sustained as the RF energy and argon gas are continually 
supplied to the system through a process known as inductive coupling. Finally, the sample 
aerosol is introduced into the plasma through the nebuliser tube and sample injector and 
undergoes the sequential process of desolvation, vaporisation, atomisation and ionisation. 
The majority of the elements in the periodic table can be ionised in the plasma as their first 
ionisation potentials are lower than that of argon (15.8 eV) which is used as the carrier gas for 
the instrument (Thomas, 2013). 
 Interface and ion focusing unit 2.5.1.3
The interface plays a critical role in transporting the ions efficiently from of the plasma, 
which exists at an atmospheric pressure of 760 torr, to the mass spectrometer analyser region 
(approx. 10
-6
 torr) (Thomas, 2004). This is achieved by passing the ions through a two-stage 
water-cooled interface at a vacuum pressure of 1–2 torr connected to a different pump 
system. The interface consists of the sampling and skimmer cones, which are usually made of 
nickel or platinum. The ions are first extracted by the sampling cone through an orifice of 1 
mm diameter, after which the plasma expands due to the lower pressure in the interface. 
Next, the ions flow through the much smaller orifice, called the skimmer cone (0.4 – 0.8 
mm), located just behind the sampling cone. The ion beam is then focussed by a series of 
electrostatic lenses called ion optics. The voltage applied to the lenses will remove any non-
ionic species (particles, photons and neutral species) from the ion beam so that those species 
can not reach the mass analyser and detector. Consequently, the background signal is reduced 
and the transmission of positively charged ions into mass analyser is maximised (Thomas, 
2013). 
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 Collision/reaction cell 2.5.1.4
A collision/reaction cell is used to remove spectral interferences caused by atomic or 
polyatomic species that have the same mass/charge ratio as the analyte of interest. These 
interferences are produced when the sample is combined with 
16
O or 
16
OH to form molecular 
oxides and hydroxides or with matrix ions (e.g. Cl
-
) (details in section 2.5.2.2). The 
collision/reaction cell is positioned between the ion lenses and the mass analyser. A 
collision/reaction gas (commonly hydrogen or helium) is introduced into the cell that 
comprise of a multipole (a quadrupole, hexapole, or octapole), usually operated at a specific 
radio frequency (RF), to interact with the interfering species arriving from the ion lenses and 
remove them from the ion beam before they enter the mass analyser. The transformation of 
the unwanted species into non-interfering ions within the collision cell may occur either by 
collision or reaction mechanisms (Thomas, 2013).  
The collision cell utilised in the present study is a 3
rd
 generation Octopole Reaction System 
(ORS
3
) from Agilent, which enables the removal of polyatomic interferences overlapping 
with elements of interest. In the helium (He) mode potential Ar-based polyatomics are 
eliminated, i.e. 
35
Cl
40
Ar
+
 is replaced by 
35
Cl
4
He
+
 which does not overlap or interfere with the 
ion count signal for 
75
As
+
. In addition, it can also be reliably used for variable and unknown 
sample matrices since He is an inert gas and does not react with any analyte. ORS
3
 consists a 
thermally stabilized cell with a 12 MHz octopole ion guide operated with fixed RF amplitude 
for the full mass range. When the ion beam passes through to the cell, the interfering ions 
with larger diameters collide with the He gas, thus reducing their kinetic energy. Since the 
potential of the octopole is set lower than the mass analyser, only analyte ions can be 
transmitted into the mass analyser, whilst the interfering ions that have lost some of their 
energy by collision with the He atoms are rejected on exit from the cell (Thomas, 2013).  
 Quadrupole mass spectrometer 2.5.1.5
The ions in the beam transmitted into the mass analyser are ready to be separated according 
to their mass-to-charge ratio (m/z). Here, the vacuum pressure at approximately 10
-6
 torr is 
maintained by a turbomolecular pump. The commercially available mass analysers in the 
market are quadrupole mass filters, double focusing magnetic sector and time of flight. 
However, only quadrupole mass filters will be discussed in this section. A quadrupole mass 
analyser consists of four cylindrical or hyperbolic metallic rods of the same length (15-20 
cm) and diameter (1 cm), equidistant from the ion beam. The opposing rod pairs are 
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electrically connected and a direct current (DC) field and a time-dependent alternating current 
(AC) of radio frequency are supplied to both rod pairs (Thomas, 2013). The different voltages 
(positive or negative charge) produced in the rods cause the oscillation of the analyte ions 
travelling along the central axis of the quadrapole. The charge bias on the rods steers the ions, 
only allowing ions of specific m/z values to follow a stable path towards the exit of the 
quadrupole and reach the detector. Ions with unstable trajectories (different m/z values) pass 
through the spaces between the rods and are ejected from the quadrupole. The scanning 
process is repeated for another ion with different m/z values until all analytes in the sample 
are measured (Linge & Jarvis, 2009). 
 Detector 2.5.1.6
The main function of the detector is to sense the ions of selected m/z ratio exiting the mass 
filter, generating an electrical signal proportional to the number of ions reaching the detector 
or electron multiplication (EM). There are two types of electron multiplier detectors used in 
ICP-MS, namely continuous dynode (often known as channel electron multiplier) and 
discrete dynode electron. The continuous dynode electron multiplier is an open glass cone 
coated with a semiconductor-type material. The front cone is biased at a negative potential, 
whilst the far end near the collector is kept at ground potential. When the positively charge 
ions from the mass analyser impact on to the cone surface (attracted by the front cone), this 
results in the emission of secondary electrons. As the secondary electrons hit the wall surface, 
more electrons are produced in a discrete pulse. The discrete dynode detector also works in 
similar way to a continuous dynode detector but an electron strikes on to a series of metal 
dynodes along the length of the detector. The discrete dynode mulitiplier offers the minimum 
background noise and more uniform detection efficiency over the continuous dynodes as it is 
positioned off-axis from the ion beam. It also allows dual mode detection, analogy and pulse, 
since the voltage applied to each dynode can be controlled. As such, the pulse mode provides 
a linear response up to 10
6
 counts per second (cps), whilst the analogue mode is linear 
between 10
4
 to 10
9
 cps (Thomas, 2004). The combination of both detection modes increases 
the linear dynamic range of the detector up to 8 to 9 orders of magnitude and enhances the 
sensitivity (Thomas, 2013), while it extents the useful lifetime of the detector.  
Finally, the discrete pulses produced in both multipliers are amplified and the electrical signal 
is then processed by the data handling system in the computer. This provides the ion count 
signal of the analytes which are used to calculate the elemental concentrations following the 
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production of an analyte calibration curve and correction of the blank and internal standard 
signals. 
 Instrumentation and operating procedure 2.5.2
 Optimisation 2.5.2.1
The optimisation of the ICP-MS 7700x instrument was performed using a 1 g/l tune 
solution containing Li, Mg, Ti, Co, Y and Ce (Agilent Technologies, UK) prior to running 
any samples for trace element analysis. The operating conditions of the ICP-MS are shown in 
Table 2.2. 
 
Table 2.2 Operating parameters for the Agilent 7700x ICP-MS. 
 
Parameter Typical operating condition 
Sample introduction 
Carrier gas flow rate 0.8 l/min 
Make-up gas flow rate 0.3 l/min 
Nebuliser pump speed 0.1 rps 
Spray chamber temperature 2 C 
Plasma condition 
RF Power  1550 W 
RF Matching 1.95 V 
Sampling depth 8 mm 
Plasma gas flow rate 15 l/min 
Auxiliary gas flow rate 0.9 l/min 
Collision/reaction cell 
[1] ON He mode 
He gas flow rate 4.8 ml/min 
Analyte isotopes  
51
V, 
55
Mn, 
56
Fe, 
63
Cu, 
66
Zn, 
75
As, 
95
Mo, 
238
U 
Detector 
Pulse HV 980 V 
Analog HV 1680 V 
Data acquisition 
Sample uptake time 50 s 
Wash time between samples 120 s 
 
 Interferences 2.5.2.2
The ion interferences that may occur in an ICP-MS instrument are divided into two 
categories; spectroscopic and non-spectroscopic. The spectroscopic interferences are caused 
by the presence of different ions with the same m/z of the interest analyte, which results in an 
overestimation in the elemental concentration. The common types of spectroscopic 
interferences are isobaric overlap and polyatomic species. Isobaric overlap arises when the 
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isotope of two elements occur that have the same mass. For instance, the mass analyser can 
not differentiate between Cr and Fe as both ions have 54 amu. Thus, a measurement at 58 m/z 
will have the contribution from both elements (Linge & Jarvis, 2009).  
Polyatomic interferences are usually formed in the plasma due to the combination of two or 
more isotopes from different elements (Table 2.3). These polyatomic ions may be generated 
from the diluent, matrix, or even the argon gas itself. For instance, the determination of 
arsenic (
75
As) is often interfered by the polyatomic species of 
40
Ar
35
Cl
+ 
when the Cl
-
 level in 
the aerosol sample is combined with Ar produced within the plasma. However, this 
interference can be eliminated after applying the He gas mode (Table 2.3) through the 3
rd
 
generation Octopole Reaction System (ORS
3
) collision cell, thus leaving the arsenic as a free 
ion for detection by the instrument (Farnfield, 2012; Lord, 2014). 
A common type of non-spectroscopic interference is caused by high levels of total dissolved 
solid (TDS) in the sample.This will suppress or enhance the signal of the analyte due to 
changes in sample transport prior to the plasma, or through ionisation in the plasma or 
transmission of the ion beam (Linge & Jarvis, 2009). The deposition of salts on the orifice of 
the sampling cone, skimmer cone or lenses may also cause the drift in signal over time. 
However, this can be corrected by sample dilution or by using the internal standard. 
Therefore, a 100 µg/l mixture of internal standards (
45
Sc, 
72
Ge, 
103
Rh and 
209
Bi) was added 
via a T-piece to compensate for any drift in the signal intensity during an ICP-MS analysis 
run.  
A common type of non-spectroscopic interference is caused by high levels of total dissolved 
solid (TDS) in the sample.This will suppress or enhance the signal of the analyte due to 
changes in sample transport prior to the plasma, or through ionisation in the plasma or 
transmission of the ion beam (Linge & Jarvis, 2009). The deposition of salts on the orifice of 
the sampling cone, skimmer cone or lenses may also cause the drift in signal over time. 
However, this could be corrected by sample dilution or by using the internal standard. 
Therefore, a 100 µg/L mixture of internal standards (
45
Sc, 
72
Ge, 
103
Rh and 
209
Bi) was added 
via a T-piece to compensate for any drift in the signal intensity during an ICP-MS analysis 
run. 
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Table 2.3 Summary of the trace element, m/z ratio, abundance, corrected internal 
standard, gas mode and calibration curve correlation coefficient or r
2
 values. 
 
Element Abundance Internal 
standard 
(IS) 
Gas 
mode 
r
2 
 
calibration 
curve 
 
Polyatomic interference (s) 
 
51
V 99.76 
45
Sc He 1.0000 
35
Cl
16
O
+
, 
35
Cl
16
O
+
, 
36
Ar
14
N
1
H
+
, 
37
Cl
14
N
+
, 
36
S
15
N
+ 
55
Mn 100 
45
Sc He 1.0000 
40
Ar
14
N
1
H
+
, 
38
Ar
16
O
1
H
+
, 
40
Ar
15
N
+
, 
37
Cl
18
O
+ 
56
Fe 91.66 
45
Sc He 1.0000 
40
Ar
16
O
+
, 
40
Ca
16
O
+
, 
40
Ar
15
N
1
H
+
, 
38
Ar
18
O
+ 
63
Cu 69.10 
45
Sc
 
He 0.9999 
31
P
16
O
2+
,
40
Ar
23
Na
+
, 
23
Na
40
Ca
+
, 
46
Ca
16
O
1
H
+ 
66
Zn 27.81 
72
Ge He 0.9999 
34
S
16
O
2+
, 
32
S
34
S
+
, 
33
S
2+ 
75
As 100 
72
Ge He 0.9999 
40
Ar
35
Cl
+
, 
36
Ar
38
Ar
1
H
+
, 
38
Ar
37
Cl
+ 
95
Mo 15.9 
103
Rh He 0.9999 
40
Ar
39
K
16
O
+
, 
79
Br
16
O
+ 
238
U 57.36 
209
Bi No gas 1.0000 - 
 
The internal standards are ions that are not present in the sample and have a similar first 
ionisation potential to the analyte under investigation. The selection of the correct internal 
standard is crucial as it will give more accurate results. To illustrate the effect of the use of an 
internal standard on the stability of the analytical signal, the count per second (CPS) of ten 
replicates for a sample of 100 µg/l As (ppb) with and without the presence of 500 mg/l of 
sodium (Na, matrix element), as well as the signal of As corrected by the counts of the 
internal standard germanium (Ge) are shown in Figures 2.10a and 2.10b, respectively. This 
effect is important because many water samples collected from La Pampa have high levels of 
sodium (Farnfield, 2012). In the presence of sodium, the signal of 
75
As
+
 was reduced by 
about 10 % of its original signal (no sodium solution). However, after the correction of the 
ion count by subtracting the blank signal (distilled deionised water) and ratio of the internal 
standard CPS for 
72
Ge
+
 (Equation 2.1) the corrected 
75
As
+
 signal shows no significant 
difference between the added and no-added sodium samples. 
 
 
      
                                   
                            
 
Eq. 2.1 
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Figure 2.10 Effect of a sodium (Na) matrix on the analysis of two 100 µg/l (ppb) arsenic 
(As) standards. Each standard was prepared with and without the presence of 
500 mg/l (ppm) Na in DDW (distilled deionised water, 18.2 MΩ). The 
individual cps for the two standards are shown in (a). The internal standard 
(ISTD) was used in correcting for the matrix effect using Equation 2.1 (b). 
 
 Standard Calibration  2.5.2.3
For ICP-MS calibration, a series of multielement standards over a range of 1- 750 µg/l were 
prepared in 1% HNO3 (v/v) from a 1000 mg/l standard stock solution (Aristar, Fisher 
Scientific, UK) to give a good linear range for each of the elements in this study (example in 
Figure 2.8). This range was selected for this study to prevent overloading the instrument with 
high elemental concentrations. This enhances the instrumental analyte sensitivity as a lower 
range may be influence by any between-sample or standard carry-over of the ion signal 
(memory effects) or possible signal drift during the operation of a sample run.  
Subsequently, the equation y = mx + c (in Figure 2.11, where y represents the signal of the 
analyte corrected by the internal standard as shown in equation 2.1 and x is the concentration 
of the external standard) was calculated from the calibration curve and then applied to 
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determine the concentration of each trace element in the various samples and certified 
reference materials (validation methods). 
 
 
Figure 2.11 Calibration for arsenic (
75
As) using data calculation of blank and  signal ratio 
(
72
Ge internal standard) for each standard concentration for the Agilent 7700x 
ICP-MS in helium collision cell mode. 
 
 Limit of detection 2.5.3
The limit of detection (LoD) is defined as the lowest concentration of an analyte in a sample 
that can be detected by the instrument, but can be reliably distinguished from the blank signal 
(Shrivastava & Gupta, 2011).  
The LoD can be calculated using the Equation 2.2.       
       Xblank           Eq. 2.2 
 
where Xblank is the mean blank signal (n=10) and SD is standard deviation of the blank signal 
(Miller & Miller, 2010). Table 2.4 shows the LoD for the analytes of interest in this study, 
under the experimental conditions described in section 2.5.2. 
In the case of arsenic speciation, the SPE method was developed and validated using high 
performance liquid chromatography (HPLC)-ICP-MS by Watts et al. (2010) and O‘Reilly 
(2010). The limits of detection for each arsenic species analysed by ICP-MS were 0.17 µg/l 
iAs
III
; 0.02 µg/l iAs
V
; 0.02 µg/l MA
V
; and 0.03 µg/l DMA
V
 (O‘Reilly, 2010). This SPE 
technique has previously been used for field based arsenic speciation in natural water samples 
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in many provinces of Argentina (O‘Reilly, 2010; Farnfield, 2012; Lord, 2014; Ward et al., 
2014; Al Rawahi, 2016). 
 
Table 2.4 The limit of detection (µg/l) for selected trace elements using three different 
blank solutions; distilled deionised water (DDW, 18.2 M), 1% (v/v) HNO3 
and 5% (v/v) HNO3. 
  
Blank solution 
Limit of Detection (µg/l) 
51
V 
55
Mn 
56
Fe 
63
Cu 
66
Zn 
75
As 
95
Mo 
DDW 0.02 0.03 0.5 0.05 0.1 0.02 0.06 
1 % HNO3 0.05 0.03 1.0 0.09 0.2 0.04 0.09 
2.5 % HNO3 0.05 0.04 1.5 0.15 0.5 0.04 0.09 
 
 Accuracy and precision 2.5.4
Accuracy is defined as the closeness of the mean results for the replicate analysis of a 
standard or certified reference material (CRM) to the target or certified value (Miller & 
Miller, 1993). Accuracy is normally determined using a matrix-matched standard 
(comparison of the mean values of certified and calculated by statistical analysis; e.g. paired 
t-test) that is analysed under the same instrumental conditions as the blank, reagent blank, 
standards and samples (refer to section 2.5.2.1). Two other methods are also regularly used, 
namely inter- or intra-laboratory comparisons (including proficiency testing by a quality 
control agency) and spiked recoveries (refer to section 2.5.5). Laboratory comparisons 
involve the analysis of samples or standards in the same laboratory (intra-) or different 
laboratories (inter-) using the same or different instruments. The results (based on the mean 
of replicate analyses) are compared between laboratories using a control chart (Taverniers, et 
al., 2004). Spike recoveries are used to test whether another component of the sample, or 
matrix, influences the analysis. A ‗pooled‘ sample from each type of the matrix (water, plant 
material or soil) is spiked with known levels of the element and the sample is digested and 
analysed using the same procedure as for the non-spiked samples and the results are 
compared, reporting a full recovery, i.e. 100% recovery, when the concentration in the spiked 
sample minus the original concentration in the sample equals the level of the spike added. 
Depending on the analyte levels to be measured, acceptable levels of spiked recovery are 
typically within the range of 80 to 120% (Lord, 2014). 
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Precision analysis is based on two methods, namely repeatability or reproducibility. Both are 
based on replicate analysis of a sample or standard under the same instrumental optimisation 
and calibration (repeatability) or on subsequent days or weeks (reproducibility) (Taverniers, 
et al., 2004). Both are tested using the calculation of the relative standard deviation, RSD 
(mean divided by standard deviation) and the results reported as a percentage RSD (see 
Appendix B1(iii) for details). Normally values of < ± 5% are considered to be very good 
levels of precision, which is important as sample analyses are normally done as one-off 
measurements due to sample volume or time/cost constraints. 
 Validation using water certified reference materials (CRMs) 2.5.4.1
Two water CRMs were analysed during of the present study, namely, the National Institute of 
Standard and Technology, Trace elements in natural water NIST SRM 1640a (Department of 
Commerce, USA) and Certified Reference Material, Trace elements in water CRM TMDA-
54.5 (National Water Research Institute, Canada). Both CRMs were analysed at the 
beginning of each run in order to evaluate the accuracy and precision for elements that were 
determined by ICP-MS. Table 2.5 shows a good level of good agreement between the 
calculated mean value and the certified CRM value for both water reference materials over 25 
replicate measurements (3-years period). This is confirmed by the paired t-test data (see 
Appendix B3 for details), where the null hypothesis is retained (Miller & Miller, 2010). In 
this test, the null hypothesis should be retained if there is no significant difference between 
the calculated value and certified value for each of the CRMs. For NIST SRM 1640a, the tcalc. 
is 2.155 with the tcrit. values for 7 degrees of freedom (df) ; 2.37 and for TMDA 54.5 the tcalc. 
is 0.796 with the tcrit. values for 6 degrees of freedom; 2.45 at p < 0.05. The tcalc. values for 
both CRMs are less than tcrit.values, thus no significant difference exists between the two 
mean values at a probability level of p < 0.05. 
In addition, very good levels of repeatability (n=6, superscript b in Table 2.5) were obtained 
with relative standard deviation levels (% RSD) of  2 % for all elements for both CRMs 
over a single run analysis. However, the percent of RSD for each element was slightly 
increased but still showing good levels of reproducibilty (< 5%) due to variations in the 
analytical performance of the ICP-MS on different days during the 3 years of study (n=25). 
Therefore, the data based on the two CRMs have confirmed that the optimisation and 
calibration of the ICP-MS instrument provides high levels of confidence in producing good 
results for the multi-element analysis of water samples. 
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Table 2.5 Validation of the accuracy and precision levels for the multi-element analysis 
of water samples by inductively coupled plasma mass spectrometry (ICP-MS). 
Analysis of certified reference materials (CRMs) reported as a mean ± 
standard deviation, n is the number of measurements and % RSD is the 
percentage relative standard deviation. 
 
Trace elements in natural water NIST SRM 1640a (µg/l) 
Elements 
 
Certified value 
mean ± SD 
Measured value 
mean ± SD (n=25) 
% RSD 
(n=25)
a
 
% RSD 
(n=6)
b
 
V 15.05  ± 0.25 14.96 ± 0.38 2.54 1.53 
Mn 40.39  ± 0.36 39.08 ± 0.72 1.84 1.24 
Fe 36.8  ± 1.8 37.04 ± 1.06 2.86 2.07 
Cu 85.75  ± 0.51 85.25 ± 2.37 2.78 1.55 
Zn 55.64 ± 0.35 54.38 ± 2.29 4.20 1.02 
As 8.075  ± 0.070 7.96 ± 0.11 1.33 1.16 
Mo 45.60  ± 0.61 45.79 ± 0.84 1.83 0.79 
U 25.35  ± 0.27 24.25 ± 0.83 3.42 0.49 
Trace elements in water CRM TMDA 54.5 (µg/l) 
Elements 
 
Certified value 
mean ± SD 
Measured value 
mean ± SD (n=25) 
% RSD 
(n=25)
a
 
% RSD 
(n=6)
b
 
V 349 ± 24 350.05 ± 5.18 1.48 0.46 
Mn 284 ± 23 282.09 ± 5.98 2.12 0.58 
Fe 383 ± 34 386.21 ± 8.09 2.10 0.67 
Cu 414 ± 38 415.18 ± 10.06 2.42 0.53 
Zn 545 ± 49 542.79 ± 18.76 3.46 1.01 
As 45.1 ± 4.1 44.60 ± 1.07 2.41 0.43 
Mo 301 ± 21 305.43 ± 5.95 1.95 0.85 
* informative value; 
a
 reproducibility; 
b 
repeatability. 
 
 Validation using plant certified reference materials (CRMs)  2.5.4.2
Table 2.6 reports the validation for plant samples using two certified reference materials; 
Polish Tobacco INCT-PVTL-6 (Institute of Nuclear Chemistry and Technology, Poland) and 
NIST SRM 1547 Peach leaves (National Institute of Standards & Technology, USA). The 
measured values are reported as replicate analyses using dilution factors of 100 which 
provide the best levels of accuracy and precision against the level of sensitivity (that is the 
ability of the instrument to measure the level on an analyte in solution above the detection 
limit) (Taverniers et al., 2004). For all elements the level of precision based on an estimate of 
reproducibility (n=20, superscript a in Table 2.6) is typically less than 10% RSD, which is 
higher than the values for water but acceptable for plant analysis where ashing and acid 
digestion steps are involved in the sample preparation. 
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Table 2.6 Validation of the accuracy and precision levels for the multi-element analysis 
of plant CRMs (n=20) by inductively coupled plasma mass spectrometry 
(ICP-MS). The elemental levels are reported as a mean ± standard deviation 
(SD), n is the number of measurements and % RSD is the percentage relative 
standard deviation. 
 
Polish Tobacco INCT-PVTL-6 (mg/kg d.w.) 
Elements 
 
Certified 
(mean ± SD) 
Measured 
(mean ± SD) 
% RSD 
 (n=20)
a
 
% RSD 
 (n=6)
b
 
V 0.405 ± 0.056 0.39 ± 0.02 5.40 1.57 
Mn 136 ± 5 135.0 ± 4.5 3.31 1.21 
Fe 258* 236.2 ± 10.2 4.30 1.39 
Cu 5.12 ± 0.2 5.17 ± 0.30 5.73 1.53 
Zn 43.6 ± 1.4 43.1 ± 1.1 2.43 2.33 
As 0.138 ± 0.01 0.13 ± 0.02 4.20 2.83 
Mo 0.396 ± 0.029 0.38 ± 0.01 3.52 1.96 
NIST SRM 1547 Peach leaves (mg/kg d.w.) 
Elements 
 
Certified 
(mean ± SD) 
Measured 
(mean ± SD) 
% RSD 
 (n=20)
a
 
% RSD 
 (n=6)
b
 
V 0.37 ± 0.03 0.38 ± 0.01 3.46 1.57 
Mn 98 ± 3 95.0 ±1.5 1.55 0.78 
Fe 218 ± 14 208.0 ± 2.7 1.30 0.66 
Cu 3.7 ± 0.4 3.52 ± 0.20 5.45 2.57 
Zn 17.9 ± 0.4 17.5 ± 0.9 5.10 3.49 
As 0.06 ± 0.018 0.07 ± 0.005 6.76 2.46 
Mo 0.06 ± 0.008 0.07 ± 0.003 4.37 2.79 
* informative value; 
a
 reproducibility; 
b
 repeatability. 
 
In addition, the higher % RSD was mainly due to variations in either the analytical 
performance of the ICP-MS instrument on different days or during the preparation of 
digested samples. Nevertheless, the levels of repeatability (n=6, superscript b in Table 2.6) of 
all elements were below < 5% RDS for both CRMs over a single run analysis. A paired t-test 
(Miller & Miller, 2010) for Polish Tobacco INCT-PVTL-6 resulted in tcalc. values less than 
the tcrit. value of 2.57 (5 degrees of freedom) for the probability level p < 0.05 where the 
actual values is tcalc.= 1.08. Similarly, NIST SRM Peach 1547 also has the tcalc. values of 1.37 
that lower than the tcrit. value of 2.45 (6 degrees of freedom). This confirms that statistically 
there is no significant difference between the calculated and the certified values for the 
respective trace elements (null hypothesis is retained). 
 Validation using rice certified reference materials (CRM) 2.5.4.3
As with the plant CRMs, the validation of the analysis of rice using GBW 10043 (Institute of 
Geophysical and Geochemical exploration of China) shows good levels of precision for all 
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elements (with relative standard deviations, RSD less than 10%) (Table 2.7). The 
measurement of all elements with a dilution factor of 50 provides a closer mean value to the 
certified CRM value, with the only exception of Fe. Nevertheless, the mean value for Fe is 
still within the range reported for the CRM value (7.5 ± 2.0 mg/kg), with acceptable recovery 
levels of 102-107 % (calculated using the minimum concentration of the range).  
 
Table 2.7 Validation of the accuracy and precision levels for the multi-element analysis 
of rice certified reference materials, GBW 1004 by inductively coupled plasma 
mass spectrometry (ICP-MS). The concentration of each element is reported as 
a mean ± standard deviation, n is the number of measurements and % RSD is 
the percentage relative standard deviation. 
 
Rice GBW 10043 (mg/kg d.w.) 
Elements 
 
Certified 
(mean ± SD) 
Measured 
(mean ± SD) 
% RSD 
(n=20)
a
 
% RSD 
(n=6)
b
 
V 0.03* 0.03 ± 0.002 7.69 3.11 
Mn 10.6 ± 0.6 9.33 ± 0.15 1.6 1.03 
Fe 7.5 ± 2.0 5.8 ± 0.1 2.29 1.98 
Cu 1.7 ± 0.1 1.63 ± 0.14 8.68 4.35 
Zn 13.0 ± 0.6 13.1 ± 1.1 6.6 2.45 
As 0.114 ± 0.018 0.11 ± 0.01 5.36 3.70 
Mo 0.43 ± 0.02 0.42 ± 0.03 6.39 2.72 
* informative value; 
a
 reproducibility; 
b
 repeatability. 
 
The good agreement between the calculated mean value and the certified CRM value 
confirming good levels of accuracy when no significant difference were obtained via a paired 
t-test. The tcalc. of 0.98 against a tcrit. value of 2.57 for 5 degrees of freedom have showed no 
significant different at p < 0.05. Therefore, the null hypothesis is retained. 
 Validation using soil certified reference materials (CRM) 2.5.4.4
Table 2.8 reports the validation for soil samples using two certified reference materials; Trace 
Metals - Sandy Loam 3 (Sigma Sigma-Aldrich RTC, Inc.) and NCS DC 73034 (NCS Testing 
Technology Co., Ltd.). The level of precision for all elements based on an estimate of 
reproducibility (n=20, superscript a in Table 2.8) is typically less than 10% RSD, with the 
dilution factor of 200 – 5000 (depending on the investigated element).  
A paired t-test (Miller & Miller, 2010) for Trace Metals - Sandy Loam 3 resulted in tcalc. 
values (1.87) less than the tcrit. value of 2.78 (4 degrees of freedom) while NCS DC 73034 
also has the tcalc. values of 2.41 that lower than the tcrit. value of 2.57 (5 degrees of freedom) 
for the probability level p < 0.05. This confirms that statistically there is no significant 
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difference between the calculated and the certified values for the respective trace elements, 
therefore the null hypothesis is retained. The results obtained have confirmed the good levels 
of accuracy for both soil CRMs. 
 
Table 2.8 Validation of the accuracy and precision levels for the multi-element analysis 
of soil CRMs (n=20) by inductively coupled plasma mass spectrometry (ICP-
MS). The elemental levels are reported as a mean ± standard deviation (SD); n 
is the number of measurements and % RSD is the percentage relative standard 
deviation. 
 
Trace Metals - Sandy Loam 3 (mg/kg d.w.) 
Elements 
 
Certified 
(mean ± SD) 
Measured 
(mean ± SD) 
% RSD 
 (n=20)
a
 
% RSD 
 (n=6)
b
 
V 8.7* 8.90 ± 0.45 5.06 1.75 
Mn 174 ± 6.02 169.50 ± 10.50 6.19 2.59 
Fe 6480 ± 484 6380 ± 292 4.58 2.46 
Cu 4790 ± 216 4609.5 ± 232.9 5.05 3.41 
Zn 546 ± 16.8 515.3 ± 23.8 4.62 2.09 
As 24.8 ± 2.46 22.20 ± 1.03 4.64 2.73 
NCS DC 73034 (mg/kg d.w.) 
Elements 
 
Certified 
(mean ± SD) 
Measured 
(mean ± SD) 
% RSD 
 (n=20)
a
 
% RSD 
 (n=6)
b
 
V 124 ± 5 120.10 ± 4.00 3.33 1.77 
Mn 1120 ± 30 1108.0 ± 10.5 0.95 0.78 
Cu 38 ± 2 35.82 ± 2.00 5.58 2.37 
Zn 134 ± 2 126.0 ± 5.0 3.97 2.49 
As 28.5 ± 2.0 27.55 ± 0.36 1.31 0.72 
Mo 1.18± 0.22 1.02 ± 0.10 9.80 3.11 
* informative value; 
a
 reproducibility; 
b
 repeatability. 
 
 Spike recovery 2.5.5
A series of ‗pooled‘ pre-weighed plant and rice samples was spiked with a solution of multi-
elemental standards of known concentrations, which covered the low, medium and high 
concentration ranges (50 - 500 µg/l). The spiked samples were treated similarly to that of the 
blank, CRMs and samples using the acid digestion method (as described in section 2.3.5). 
Spike recoveries were calculated as the percentage of the original spiked concentration using 
Equation 2.3. Table 2.9 shows that acceptable recoveries were obtained between 87 and 119 
% for all the elements in both spiked samples (plant and rice).  
           
[            ] [               ]
[           ]
                    Eq. 2.3 
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Table 2.9 Mean percentage recovery of spiked plant and rice samples (n = 6) for all 
measured elements in this study. 
 
Elements Percentage recovery (%) 
Plants Rice 
V 87 - 90 103 - 119 
Mn 83 - 92 94 - 111 
Fe 88 - 117 87 - 113 
Cu 88 - 95 90 - 100 
Zn 93 - 98 102 - 109 
As 88 - 90 99- 106 
Mo 89 -109 103 - 119 
 
 Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 2.6
Apart from ICP-MS, graphite furnace atomic absorption spectrometry (GFAAS) is a good 
alternative technique for determining the levels of trace elements in various samples (e.g. 
environmental, food and biological fluids) as it provides excellent sensitivity with low 
detection limits within the g/l (or ppb) range  (Ferreira et al., 2003; Liang et al., 2009; 
Amorim et al., 2011). Further advantages of this techniques are the small volume of samples 
required for analysis (typically 20 - 30 µl), direct determination is possible either without or 
after following simple preparation steps, lower analysis time and costs, reduced problems 
associated with interferences and minimal loss of sample that exists for other atomic 
spectroscopy techniques (Ebdon et al., 1998).  
The GFAAS instrument utilises an electrically heated graphite furnace atomizer for the 
vaporisation of the samples at high temperatures (up to 3000°C), by means of a programmed 
series of heating steps (section 2.6.2) for the drying and mineralisation of the sample matrix 
and atomisation of the analyte in the sample. The thermal energy from the heated graphite 
furnace generates the cloud of free ground state atoms. The free atoms produced in the 
ground electronic state are capable of absorbing light at specific wavelengths, characteristic 
of the element of interest. The transfer of energy from the light to the free atoms causes the 
excitation of electrons from their ground state to the higher electronic energy level. The 
intensity of the light that leaving the analyte is therefore diminished. The amount by which it 
is diminished is proportional to the number of atoms that absorb the analytes. Such a situation 
is called the Beer-Lambert law where the absorbance (A) is directly proportional to the 
concentration of the absorbing analyte, providing the path length and absorption coefficient 
remains constant. The Beer- Lambert law can be expressed in the form of the equations 2.4a 
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and 2.4b. Therefore, the plot of absorbance against the concentration of the analyte (using 
standard solutions) will provide the straight line (Ebdon et al., 1998). 
 
 
                 
  
 
  
Eq. 2.4a 
 
where, Io is the incident light intensity; I is the transmitted light intensity. 
 
or 
 
                  Eq. 2.4b 
 
where, a is the absorption coefficient; b is the length of the absorption path and c is the 
concentration of aborbing atoms. 
 Instrumentation 2.6.1
An Agilent 200 Series AA Systems, 280Z AA graphite furnace instrument, that features 
Zeeman background correction (Agilent Technologies, UK), at the University of Surrey was 
used for a quality control study utilising an intra-laboratory comparison with the ICP-MS 
data, specifically for the determination of molybdenum in water samples. An Agilent 200 
Series AA Systems, 280Z AA graphite furnace instrument, that features Zeeman background 
correction (Agilent Technologies, UK), at the University of Surrey was used for a quality 
control study utilising an intra-laboratory comparison with the ICP-MS data, specifically for 
the determination of molybdenum in water samples. Application of Zeeman effect to atomic 
absorption instruments is based upon the  differing response of the two types of absorption 
peaks to polarised radiation (Skoog et al., 1998).  
The pyrolytically coated partitioned tube wall (Agilent Technologies, UK) was used instead 
of the platform type as it has been proven in a previous study that the tube wall provided the 
best peak performance, minimises any memory effects (due to the lower tendency to form 
carbides), results in better levels of precision and sensitivity (Felipe-Sotelo et al., 2004). The 
graphite tube acts as the sample cell and heating atomiser. Argon is supplied as the sheath gas 
to remove the sample components from the atomizer at each stage of the analysis and to 
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protect the graphite tube from oxidation. The sample is aspirated into the graphite tube by an 
autosampler that is programmed to aspirate the blank, bulk standard and/or aqueous sample, 
and finally the modifier which is mixed in the graphite tube. A molybdenum hollow-cathode 
lamp (Agilent Technologies, UK) at 313.3 nm with a 0.7 nm spectral bandwidth was used for 
the measurements of this element in samples. 
 GFAAS operation and programme 2.6.2
Once the sample is aspirated into the graphite tube atomiser of the GFAAS instrument, it is 
heated by a 4-stage temperature programme; (i) drying to evaporate the solvent (steps 1 - 3), 
(ii) ashing/pyrolysis to remove the matrix (steps 4 - 6), (iii) atomisation to generate free 
gaseous atoms of the analyte (steps 7 - 8); and (iv) cleaning to remove any analyte or matrix 
residue at operation at a high temperature (step 9). All measurement were performed using 
the integrated absorbance (peak area) signal as it provided better levels of precision and 
sensitivity when compared with using the peak height measurement (Ferreira et al., 
2003;.Liang et al., 2009). The optimised furnace programme is summarised in Table 2.10. 
The three main stages of operation involved drying, ashing or pyrolysis and atomisation of 
the applied sample to the furnace. 
 Drying 2.6.2.1
The first stage involved the drying of the sample by removal of the solvent using an electrical 
current applied to the atomiser. Generally, the temperature was set just below the boiling 
point of the solvent (100 – 120ºC for aqueous solutions) so as to completely desolvate the 
samples and to avoid any sample loss through sputtering on the surface of the atomiser. 
During this stage (steps 1-3 in Table 2.10), the argon gas was usually set at a default 
maximum value of 0.3 l/min to purge the vaporised solvent from the graphite tube. In this 
study, the drying of the sample (20 µl) in the furnace was visually monitored using the video 
camera featured in the Agilent 200 Series GFAAS system. 
 Ashing/ Pyrolisis 2.6.2.2
The temperature of the furnace was further increased to volatilise the sample matrix. At this 
stage (steps 4 - 5 in Table 2.10), the temperature and time must be carefully optimised in 
order to remove as much of the sample as possible from the matrix without any loss of the 
target analyte prior to the atomisation stage. Since Mo is classed as a refractory element 
(Barałkiewicz & Siepak, 1997; Felipe-Sotelo et al., 2004), it is possible to increase the 
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calcination temperature to values of 1000C or higher to minimise the background absorption 
and interference effects, without a significant loss of the analyte. For this purpose, the 
temperature for the pyrolysis stage was optimised to be between 700 – 2300 C with the 
atomisation stage fixed at 2800 C using a water sample from La Pampa. In this study, the 
optimisation of the pyrolysis stage was evaluated with and without the presence of a chemical 
modifier, palladium nitrate (5 µg Pd as Pd(NO3)2). The effectiveness of Pd as a matrix 
modifier has been reported in previous studies to minimise the effect of possible 
interferences, especially for natural water that can contain high levels of salts or anions, such 
as, NaCl and SO4
2- (Barałkiewicz & Siepak, 1997).  
 
Table 2.10 The GFAAS furnace programme for the determination of Mo in Argentine 
water samples with and without the presence of chemical modifier (5 µg Pd). 
 
Steps 
 
Without chemical modifier With chemical modifier 
Time 
(s) 
Gas flow  
(l/min) 
Temperature 
(
o
C) 
Time 
(s) 
Gas flow  
(l/min) 
Temperature 
(
o
C) 
step 1 5 0.3 85 5 0.3 85 
step 2 40 0.3 95 40 0.3 95 
step 3 10 0.3 120 10 0.3 120 
step 4 5 0.3 1150 20 0.3 1900 
step 5 1 0.3 1150 3.4 0.3 1900 
step 6 2 0 1150 3.4 0 1900 
step 7 0.9 0 2800 0.9 0 2800 
step 8 2 0 2800 2 0 2800 
step 9 2 0.3 2800 2 0.3 2800 
Note: s- seconds 
 
The results in Figure 2.12b show that the presence of Pd thermally stabilises the analyte, thus 
allowing for a higher ashing temperature (1900 C) than in the absence of the chemical 
modifier (1200 C, Figure 2.12a). However, when the temperature was increased to over 
2000 C (Figure 2.12b), a significant loss of analyte was observed and the absorbance signal 
dramatically decreased. A temperature of 1800 - 2000 C for the pyrolysis stage has been 
reported by others when Pd was used as the matrix modifier for the determination of Mo in 
coal fly ash (Felipe-Sotelo et al., 2004) and milk samples (López-García et al., 2007). 
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Figure 2.12 GFAAS pyrolysis and atomisation curves for the determination of Mo in 
Argentine groundwater samples; (a) without Pd and (b) with a Pd chemical 
modifier (5 µg). 
 
 Atomisation 2.6.2.3
The selection of the temperature for the pyrolysis to the atomisation stages is crucial as it 
affects the sensitivity of the analysis. In this study, the optimised temperature for the 
pyrolysis stage was chosen at 1900 C in the presence of 5 µg Pd as the chemical modifier. 
The flow rate of argon gas was interrupted during the atomisation stage (steps 7-8), thus 
increasing the residence time of the atomic vapour within the optical path to achieve the 
maximum level of sensitivity (Table 2.10). An evaluation of the temperature for the 
atomisation stage ranged from 1900 C up to 2800 C, the highest that the instrument could 
achieve. Figure 2.9b shows a gradual improvement in the analyte absorbance signal when the 
temperature of the atomisation stage was increased. This pattern was also observed for the 
analysis of water samples without Pd addition (Figure 2.9a). Hence, a temperature of 2800 C 
was chosen as the atomisation stage, as the atomic signal was found to reduce the background 
absorption when high temperature was applied.  
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 Cleaning  2.6.2.4
The last step in the analysis of samples by GFAAS is to clean-up the analyte and/or matrix 
residues that may remain on the graphite tube after the pyrolysis and atomisation stages. The 
furnace was set-up to the highest temperature that is permitted by the instrument, keeping a 
0.3 l/min flow of Ar though the furnace. For low volatility elements like Mo, atomising and 
cleaning at high temperatures is required to completely vaporise and remove the analyte from 
the atomiser so that memory effects can be minimised (Barałkiewicz & Siepak, 1997). 
However, a single long clean-up step utilising a high temperature should be avoided as it 
could shorten the lifetime of the tube. The extent of the memory effect can be assessed by 
firing the blank or verify the baseline between each sample analysis (Felipe-Sotelo et al., 
2004). The carry-over effect with and without chemical modifier (5 µg Pd) was evaluated by 
firing several atomisation cycles (n=10) and measuring the blank signal (either 0.1% HNO3 
or 5 µg Pd in 0.1% HNO3).  
 
 
 
Figure 2.13 An evaluation of the possible memory effect after 10 atomisation cycles of 
groundwater samples (S1-S10) for Mo determination followed by 10 blank 
firings (Blank 1 – 10); (a) without chemical modifier, and (b) with 5 µg Pd (as 
Pd(NO3)2). 
 
In the presence of Pd (Figure 2.13b), 10 atomisation cycles showed a consistent absorption 
signal for groundwater samples with a lower RSD percentage (1 - 2.5 %) than the samples 
without the addition of a chemical modifier (Figure 2.13a). Although the blank signals show 
similar trends for both Figures 2.13a and 2.13b, better levels of precision (low % RSD) were 
achieved in the presence of Pd throughout the blank atomisation stages, where 6 firings were 
required to achieved a good baseline. Therefore, the use of Pd seemed to be useful to prevent 
possible memory effects during the determination of Mo in waters, thereby avoiding the use 
Chapter 2: Analytical Methodology 
75 
 
of high cleaning temperatures for prolonged periods, and extending the life-time of the 
atomiser tubes. 
 Calibration – normal vs. standard addition 2.6.3
In previous studies, most of the groundwater samples from La Pampa were reported to 
contain high levels of total dissolved solids, anions and trace elements (As, V, Mo). Thus, the 
optimised parameters (Table 2.10) in the presence of Pd as a matrix modifier were employed 
using both a normal calibration and/or the standard addition method in order to evaluate the 
most appropriate method for the quantification of Mo in such complex water matrices. The 
standard addition method was performed by adding different concentrations of analyte 
(standard solution) to a sample matrix. The purpose of using the standard addition method is 
to overcome possible samples matrix interferences and it can be used to determine low 
analyte concentrations in the samples. Then, the measurement was made on the original 
sample and on the sample plus the standard after each addition. Therefore, the sample matrix 
should nearly identical after each addition as the standards are prepared in aliquots of the 
sample. 
 
 
 
Figure 2.14 Comparison of the normal calibration vs. standard addition methods obtained 
for the determination of Mo in groundwater samples by GFAAS. 
 
The calculated calibration slope from this method was then compared with the slope obtained 
from a normal calibration curve. A lack of significance (curves are parallel) indicates that 
there is no matrix effect (Taverniers et al., 2004). The calibration curve slopes of both 
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methods are shown in Figure 2.14 and were found to be significantly different from each 
other due to the complexicity of the Argentine ground water samples. Thus, for accurate 
quantification of the Mo in groundwater samples the standard addition method was required.  
Another important feature of using GFAAS is to evaluate the effect of tube aging since the 
analysis of Mo often requires high atomisation and clean-up temperatures that can shorten the 
lifetime of the graphite tube (Felipe-Sotelo et al., 2004). For this purpose, control charts, as 
depicted in Figure 2.15, were used throughout the study. Figure 2.15 shows that after only 
245 atomisation cycles using the 25 µg/l Mo standard addition method, a significant 
reduction in the sensitivity of the instrument occurs and the measured absorbance signal 
approached the lower control limit (mean-2SD), indicating that the graphite tube needs to be 
replaced. 
 
 
 
Figure 2.15 A control chart for Mo tube-aging during 245 of atomisation cycles. The mean 
absorbance is represented by the central line and the limits of the tube lifetime 
are expressed in terms of the standard deviation (SD). The control limits were 
calculated as 2 standard deviations from the mean; upper control limit (2SD) 
and lower control limit (-2SD). 
 
 Limit of detection 2.6.4
The limit of detection (LoD) for the determination of Mo by the optimised GFAAS technique 
was undertaken by replicate analysis of the blank (n=20) and calculated using Equation 2.2 
(section 2.5.3). The LoD obtained was 0.20 µg/l Mo, which is slightly higher than the Agilent 
instrumental manual of 0.15 µg/l for Mo analysis (Agilent Technologies, 2014). 
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 Intra-laboratory comparison 2.6.5
In order to validate the optimised standard addition method, an intra-laboratory comparison 
was undertaken between the GFAAS and ICP-MS techniques using a water certified 
reference material of NIST SRM 1640a (National Institute of Standard and Technology, 
USA) and Argentine water samples as shown in Table 2.10. For the NIST SRM 1640a, a very 
good level of repeatability was obtained with a relative standard deviation (% RSD) of 1.14 
% (n=4, value in bracket from Table 2.11) over a single analysis run. A good level of 
reproducibility (RSD = 1.42 %) was obtained based on 12 replicate measurements carried out 
on different days. In terms of assessing the level of accuracy, the mean value for replicate 
analysis of NIST SRM 1640a was found to be close to the certified value of 45.60 ± 0.61 
(101 % recovery based on the mean values), although not statistically confirmed using a 
student‘s t-test (see Appendix B2 for details).  
 
Table 2.11 The comparison of Mo concentrations (mean, n=4) measured for the water 
certified reference material NIST SRM 1640a and Argentine groundwater 
samples from La Pampa province (n=15) using GFAAS and ICP-MS. 
 
 
Sample  
GFAAS ICP-MS 
Mo concentration  
(µg/l) 
Mo concentration  
(µg/l) 
NIST SRM 1640a  46.43 45.79  
MJ-01 0.72  0.77 
MJ-02 1.86 1.84 
MJ-03 2.06 2.21 
MJ-04 2.57 2.55 
MJ-05 4.08 4.28 
MJ-06 13.69 14.50 
MJ-07 15.39 15.47 
MJ-08 17.80 17.70 
MJ-09 29.50 27.43 
MJ-10 36.50 35.41 
MJ-11 49.50 49.90 
MJ-12 52.40 54.58 
MJ-13 54.70 53.73 
MJ-15 70.31 71.79 
 
In order to compare the difference between the use of the GFAAS and ICP-MS techniques, 
both data sets were tested using a paired t-test. In this test, the tcalc. was 0.276 with the tcrit. of 
2.15 for 14 degrees of freedom (df) at a probability level of p < 0.05. Since the tcalc. value is 
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less than the tcrit. value, the null hypothesis is retained, that is no statistically significant 
difference between the values obtained for the two techniques. Therefore, the data based on 
the two methods confirms that the optimisation of the standard addition method by the 
GFAAS instrument provides high levels of confidence in producing good results for the Mo 
analysis of water samples using ICP-MS. 
 Statistical analysis 2.7
The statistical calculations applied in this study are outlined in the Appendix B. The 
statistical calculations included; mean, standard deviation, percentage relative standard 
deviation (% RSD), Student‘s t-test, paired t-test, the non-parametric Spearman‘s rank 
correlation coefficient and principle component analysis (PCA). In the handling of elemental 
data with concentrations below the limit of detection (LoD), the concentrations were assigned 
as a value half of the LoD (Farnham et al., 2002). In addition, the number of significant 
figures used in expressing the final calculated measured values are based on the elemental 
LoD (refer to section 2.5.3). All statistical tests and analysis were performed using the 
statistical software packages IBM® SPSS® Statistics version 20, GraphPad Prism 6 and 
MATLAB 2014a (University of Surrey).  
 Summary 2.8
The analytical methods and instrumentation used in the present study have been described in 
sections 2.1 to 2.7. This included the study regions for countries, Argentina and India (section 
2.1), the collection and preparation methods used for all environmental and foodstuff samples 
(sections 2.2 – 2.4) and the instrumentation for inductively coupled plasma mass 
spectrometry (ICP-MS) (section 2.5) and graphite furnace atomic absorption spectrometry 
(GFAAS) (section 2.6). The arsenic, molybdenum and other trace element concentrations in 
all samples were quantified using optimised methods for the Agilent 7700x series ICP-MS 
instrument, including the determination of arsenic species using a field-based solid phase 
extraction method (section 2.2.3). The presence of possible polyatomic interferences 
associated with the ICP-MS analysis of arsenic (section 2.5.2.2) were addressed by the use of 
a helium collision cell. The performance of the ICP-MS instrument was monitored through 
validation analysis using two certified reference waters (CRMs): TMDA 54.5 and NIST SRM 
1640a. Other certified materials (plants, rice and soil) were also evaluated using the 
optimised ICP-MS conditions to validate the digestion methods and dilution factor steps used 
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in this study. Special attention was given to the analysis of molybdenum by developing an 
optimised method for the direct determination of Mo in Argentine waters using GFAAS 
(section 2.6). The optimised GFAAS method was then compared with the data obtained for 
the Mo analysis of a CRM and water samples using ICP-MS instrumentation (intra-laboratory 
comparison). The concentration of Mo between the two methods was found to not be 
statistically different at p < 0.05 (paired t-test), indicating that the results obtained by the 
GFAAS method provide a degree of confidence in using the data obtained by ICP-MS. The 
data obtained was evaluate using various statistical techniques as outlined in section 2.7 
(details in the Appendices) and further explained and interpreted in Chapter 3 (water) and 4 
(plant and soil). 
Finally, the methods outlined in this chapter have been used for the analysis of environmental 
and foodstuffs samples collected from Argentina. The results for the analysis of 
groundwaters, surface waters and tap waters collected from several Argentina provinces will 
be discussed in Chapter 3. The relationship between the trace element levels of Argentine 
groundwaters, plants and agricultural soils will be discussed in Chapter 4. An evaluation of 
the effects of using these Argentine waters (Chapter 3) for the preparation (washing and 
cooking) of local foodstuffs is presented in Chapter 5. Moreover, based on this data a study 
will be undertaken to investigate what is the effect of using these waters on the elemental 
daily dietary intake, especially for arsenic (Chapter 5). The results obtained in this research 
for a study in West Bengal, India (based on local waters, rice plants, soils and rice) will be 
presented in Chapter 6. Moreover, this study will determine the arsenic species in waters (for 
the first time using a field-based SPE method developed by Watts. et al., 2010) and compare 
these values with data from other published studies in India. Lastly, the arsenic data will be 
used to calculate the daily dietary intake from rice consumption because of preparing this 
foodstuff with these As-affected groundwaters (sections 5.1.5 and 5.5.2, Chapter 5; section 
6.6, Chapter 6).  
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 Introduction 3.0
The main aim of this present study was to evaluate the impact of water quality (especially in 
relation to arsenic and other trace element levels) on different environmental media 
associated with agricultural activities, namely farm plants and soils. Moreover, based on this 
data to examine the effect of using As-contaminated water for drinking and food preparation 
(washing and cooking of local foodstuffs). The studied areas covered control sites already 
confirmed by previous studies to have low levels of arsenic in waters (O‘Reilly et al., 2010; 
Farnfield, 2012) in the north of the río Negro province (along the Alto Valle) and alongside 
the río Colorado river (southern border of the La Pampa province). In addition, two new 
research areas along rutas 154 and 35 (Bernasconi and General San Martín) in the south-east 
of La Pampa province were investigated as this area relies on groundwaters (provided by 
farm wells) for drinking water and various agricultural activities, including crop irrigation 
and animal grazing/watering. The central-northern region of the La Pampa province and 
southern part of Buenos Aires province (from the border of La Pampa-Buenos Aires towards 
San Germán) were also included in the present study as comparative studies to the new 
research areas due to the reliance on local farm groundwaters for food production.  
The water samples, including surface, tap and groundwater, from all studied areas (section 
2.1.1) were analysed for total trace element (As, V, Mo, Mn, Fe, Cu, Zn and U) and arsenic 
species [arsenite (iAs
III
), arsenate (iAs
V
), monomethylarsonic acid (MA
V
) and 
dimethylarsinic acid (DMA
V
)] (sections 2.2.2 - 2.2.3).  
A Spearman correlation test (see Appendix B5 for details) was performed to evaluate the 
relationship between the physical and chemical parameters of the groundwaters across the 
sampling locations. In addition, the principal component analysis (see Appendix B6 for 
details) was also carried out to investigate the association among the physical and chemical 
parameters, as well as their spatial distribution over the sampling areas. Finally, the hazard 
quotient for As and other trace elements were calculated to evaluate the potential health risk 
associated with the consumption of drinking water from the local groundwater.   
 The control sites 3.1
In the present study, surface, tap and groundwaters were collected from two control or 
background sites, namely, the río Colorado and río Negro (Río Negro province), as a 
comparative study to the naturally arsenic-contaminated study regions of La Pampa and 
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Buenos Aires provinces in Argentina. The two control sites (Figure 3.1) have been reported 
by previous studies to be ‗uncontaminated‘ arsenic areas due to the low natural arsenic levels 
in the water systems (O‘Reilly et al., 2010; Farnfield, 2012; Lord, 2014; Ward et al., 2014; 
Al-Rawahi, 2016). 
The Río Negro province is located in the northern region of Patagonia which shares its 
borders with Chubut (south), Neuquén (north-west), La Pampa (north) and Buenos Aires 
province (Figure 3.1). This province has a semi-arid climate with annual precipitation less 
than 200 mm and a mean temperature of 15C (Arribere et al., 2003; Miglioranza et al., 
2013). The main river in this province is the río Negro river that covers the largest drainage 
basin of Patagonia (140,000 km
2
). These characteristics, together with the sandy alluvial 
mollisol type soils provide an excellent environment for agricultural activities, specifically 
for fruit and grape/wine cultivation (Miglioranza et al., 2013). The production of grapes, 
apples, peaches, plums and pears from this region contribute to approximately 4% of the 
worldwide fruit production. The river, which originates from the intersection of the Limay 
and Neuquén rivers (bordering the Neuquén Province), is the main water source for the 
northern region of the province called the Alto Valle (Lord, 2014). The studied areas that lie 
in the Alto Valle included Paso Cordoba, General Roca, Stefenelli, Cipoletti and Allen 
(Figure 3.1). 
On the hand, the río Colorado river acts as the boundary between the Río Negro and La 
Pampa provinces. The río Colorado serves as the water source for a water treatment plant in 
order to provide the drinking water for urban communities in the south-east of La Pampa 
province. 
 Sample locations 3.1.1
In the Río Negro province, water samples (tap, surface, ground and rain water) were collected 
along the Alto Valle during 2014 – 2016 (Figure 3.1). In the Alto Valle, surface water was 
collected from Paso Cordoba (RN-SW 06 - 10, n=5) and General Roca (RN-SW-11, n=1) 
whilst tap water from General Roca (RN-TW 01 – 05, RN-TW-09 and RN-TW-12, n=8), 
Stefenelli (RN-TW-06 and RN-TW-11, n=2), Cipoletti (RN-TW-08 and RN-TW-10, n=2) 
and Allen (RN-TW-07 and RN-TW-13, n=2). In case of groundwater, sample from five farms 
were collected from General Roca farms (RN-GW 01-07, n=2; two farms), Stefenelli (RN-
GW-06 and RN-GW-11, n=2), Cipoletti (RN-GW-08, n=1) and Allen (RN-GW-10, n=1) 
(Table 3.1). The collected groundwater was predominantly used for agricultural purposes, 
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such as irrigation and the watering of livestock (mainly cattle and horses). In addition, four 
surface water samples were collected from the río Colorado river (RC-SW 01 – 04; over 
different year periods). Further, rain waters from General Roca (RN-RW 01 – 04) were also 
collected on different days (n=4) during collection in 2016. All sampling locations are 
detailed in Appendix C1. 
 
 
 
Figure 3.1 Map of control sites of the Alto Valle study region in Río Negro Province and 
río Colorado river (modified from Google Maps™). 
 
 Physico-chemical Parameters 3.1.2
Table 3.1 summaries the physico-chemical parameters for all water samples from both 
control sites. Overall, all water samples from the control sites displayed a circumneutral to 
slight alkaline pH, where little variation was observed for surface, tap, ground and rain 
waters. The variation was attributed to the difference in the collection periods (day/years) and 
precipitation (Al Rawahi, 2016). For instance, the groundwater samples from a farm in 
General Roca (RN-GW-04) shows pH 7.22 in 2015 but pH 6.84 in 2016. A wide range of 
conductivity levels (EC) and total dissolved solids content (TDS) were observed for all water 
types in both sites, with the highest mean values recorded for the surface water from the río 
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Colorado (EC: 1282 µS/cm, TDS: 649 mg/l). It was also noticeable that the rain water 
samples have the lowest mean EC and TDS values compared to other water types from the 
Río Negro province. All water samples also showed a positive redox potential (Eh) indicating 
an oxidising environment, with Eh values ranging from 9 – 580 mV. The tap water from the 
town of General Roca (2 locations) and surface water from Paso Cordoba exhibited a redox 
potential of more than 500 mV for samples collected in 2016. This is not the case when it was 
collected over different year periods. For instance, a local surface water sample had a value 
of 56 mV in May 2015 but increased to 512 mV in May 2016. Thus, it may suggest that the 
rock composition, water residency time and annual precipitation may influence the variation 
of the physico-chemical parameters for each water type even if sampled from similar 
locations (Farnfield, 2012; Lord, 2014). 
 
Table 3.1 The mean (range) of pH, electrical conductivity (EC), total dissolved solids 
(TDS), redox potential (Eh) for all samples collected from the Alto Valle of the 
Río Negro province and río Colorado river (control sites). 
  
Type of water n pH EC (µS/cm) TDS (mg/l) Eh (mV) 
Río Colorado 
Surface water  
(RC-SW 01-04) 
4 7.80 (7.63 - 7.92) 1282 (1058 - 1478) 649 (530- 760) 78 (38 - 109) 
Río Negro  
Surface water 
Present study 
(RN-SW 05-11) 
7 7.66 (7.43-7.89) 298 (128-615) 151(62-319) 78 (9-512) 
Al Rawahi (2016) 6 (7.43-8.01) (129-1478) (65-760) (9-90) 
Lord (2014) 5 (7.38-9.42) (136-452) (68-224) (83-333) 
Farnfield (2012) 5 (7.60-9.24) (121-452) (59-224) (59-333) 
O‘Reilly (2010) 40 (6.90-9.20) (987-3149) (219-1994)  
Tap water      
Present study 
(RN-TW 01-14) 
14 7.90 (7.27-7.84) 469 (130-1412) 238 (65-702) 190 (38-580) 
Al Rawahi (2016) 12 (7.27-7.84) (168-1412) (84-702) (9-580) 
Farnfield (2012) 2 (6.89-6.90) (154-156) 77 (627-668) 
Groundwater 
Present study 
(RN-GW 01-10) 
10 7.90 (6.84-8.52) 280 (74-572) 144 (37-296) 39 (18-63) 
Al Rawahi (2016) 8 (6.84-8.52) (74-572) (37-296) (8-566) 
Lord (2014) 7 (7.06-7.66) (181-1476) (90-730) (51-645) 
Farnfield (2012) 5 (7.18-7.66) (196-1460) (99-729) (117-360) 
O‘Reilly (2010) 6 (7.1-8.10) (1109-2129) (1258-1853) NA 
Rain water 
(RN-RW 01-04) 
4 7.90 (7.53-8.35) 75 (51-102) 39 (26-54) 41 (24-52) 
Note: EC – electrical conductivity, TDS – total dissolved solids, Eh – redox potential, NA – data not available 
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The pH values for the río Negro samples were comparable to the previous studies as reported 
in Table 3.1. In addition, the measured values for EC and TDS in the groundwaters of the río 
Negro were lower than data reported in previous studies (Table 3.1). Interestingly, the 
parameters of EC, TDS and Eh were found to be higher in tap and surface waters of the río 
Negro compared to the studies done by Farnfield (2012) and Lord (2014). The explanation 
for this observation could possibly due to the difference in the sampling locations, sample 
time collection (influenced by day/years) and atmospheric precipitation.  
 Arsenic: total and speciation 3.1.3
The total arsenic (AsT) levels for all surface water samples at both control sites were well 
below the World Health Organisation, WHO (2011a) and Código Alimentario Argentino 
guidelines (CAA, 2012) of 10 µg/l AsT for drinking water; ranging over 1.35 - 1.78 µg/l AsT 
and 1.03 – 3.29 µg/l As for the río Colorado and Alto Valle, respectively (Table 3.2).  
In terms of the arsenic speciation method, the SPE cartridges have resulted in good recovery 
levels that are close to 100 % for most of the collected water samples (refer to Appendix C1). 
This data confirms the efficiency of the cartridges in separating the arsenic species for the 
control samples. The analysis of anions using ion chromatography, IC (Dionex ICS-5000, 
University of Surrery, UK) revealed a low level of anions namely, fluoride, chloride, 
sulphate, bromide, nitrate and phosphate for water sample from Rio Negro (see Appendix C6 
for details). Unfortunately, only a pooled water sample was available for IC analysis. 
Therefore, the low percentage of some of the arsenic species (RC-SW-04, RN-GW 09-10) 
cannot be explained by the presence of high anion levels (Watts et al., 2010).  
However, the As speciation data for surface waters of the río Negro and río Colorado 
displayed a different distribution of As species (Figure 3.2). The predominant inorganic 
species was arsenite (iAs
III
)
 
(78%) for the río colorado water sample (RC-SW-04), whilst 
arsenate (iAs
V
) (39 - 55 %) was found for surface waters collected from the río Negro (Paso 
Cordoba, RN-SW-09 and General Roca, RN-SW-11).  
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Table 3.2 Concentration of total arsenic and other trace elements (µg/l) in the samples 
collected from the Alto Valle of Río Negro province and the río Colorado 
river during 2014 - 2016. Regulatory guidelines for drinking water are 
provided for the World Health Organisation (WHO) and Código Alimentario 
Argentino (CAA). Data reported as mean (range) for samples collected with 
more than one replicate due to differences in collection time/season (n > 1)**.  
 
Sample 
 
Concentration (µg/l) 
As V Mn Fe Cu Zn Mo U 
WHO (2011a) 10 NE
a
 NE
a
 NE
a
 2000 3000 NE
b
 30 
CAA (2012) 10 NE 100 300 2000 5000 NE  
Rio Colorado (RC-#) 
SW 01-04 
(n=4)** 
 
1.56 4.29 5.57 0.9 0.52 3.0 2.69 0.81 
(1.35-
1.78) 
(3.33-
5.06) 
(2.16-
9.12) 
(1.0- 
1.3) 
(0.09-
0.98) 
(0.5- 
5.1) 
(<0.09-
4.66) 
(<0.03-
1.68) 
Rio Negro (RN-#) 
Surface water (SW) 
SW-05 2.37 4.12 121.8 14.4 0.67 1.78 0.99 1.84 
SW 06-10 
(n=5)** 
 
1.46 2.78 2.95 4.9 0.76 5.75 0.29 0.07 
(1.03-
1.72) 
(2.00-
3.81) 
(1.21-
4.96) 
(1.7- 
7.6) 
(0.09-
1.67) 
(0.2- 
15.0) 
(<0.09-
0.44) 
(<0.03-
0.18) 
SW-11 2.29 0.63 244.21 3.3 0.66 5.91 0.77 0.11 
Tap water (TW) 
TW 01-05 
(n=5)** 
 
2.05 5.11 2.19 6.5 62.59 37.96 0.31 0.11 
(1.16-
2.89) 
(2.12-
7.71) 
(0.78-
3.33) 
(3.6- 
10.4) 
(0.16-
123.78) 
(6.6- 
59.3) 
(<0.09-
0.63) 
(<0.03-
0.31) 
TW-06 1.71 2.95 0.79 6.7 5.12 22.7 0.55 0.07 
TW-07 1.37 2.64 0.63 5.9 2.95 12.0 0.61 <0.03 
TW-08 2.07 4.05 0.84 3.0 52.44 24.4 0.66 0.15 
TW-09 2.17 4.32 0.68 3.1 20.87 16.5 0.70 0.17 
TW-10 27.77 98.97 0.88 6.2 5.01 41.3 2.21 1.49 
TW-11 2.77 6.44 1.00 4.6 18.61 16.4 0.89 0.34 
TW-12 1.29 2.47 0.91 5.0 3.27 17.4 0.61 <0.03 
TW-13 1.80 3.23 0.92 8.0 15.33 12.7 0.56 0.03 
TW-14 3.75 10.78 0.64 3.4 16.21 11.3 1.08 0.58 
Groundwater (GW) 
GW 01-06 
(n=6) 
2.03 2.12 68.26 28.8 0.82 8.0 1.12 0.17 
(1.03-
3.69) 
(1.70-
2.53) 
(0.79-
110.07) 
(<1.0-
79.1) 
(<0.09-
1.78) 
(<0.2- 
17.0) 
(<0.09-
2.29) 
(<0.03-
0.39) 
GW-07 11.77 43.00 1.76 13.7 8.60 26.7 1.78 0.29 
GW-08 11.12 45.29 1.34 12.1 7.24 23.0 2.18 0.31 
GW-09 18.40 5.36 0.79 10.3 4.16 34.5 0.40 <0.03 
GW-10 38.66 130.11 0.90 12.0 6.81 22.8 27.43 2.74 
Rain water (RW) 
RW 01-04 2.27 6.72 1.92 6.58 3.38 1026.3 0.30 0.04 
(n=4)** (0.74-
3.23) 
(5.97-
7.47) 
(1.86-
1.98) 
(6.0- 
7.1) 
(3.30-
3.46) 
(879.0-
1173.5) 
(0.21-
0.38) 
(0.04-
0.05) 
Note: NE - not established; a typical level in drinking water is unlikely to cause a health concern; b occurs in drinking water at 
concentrations well below that reported for health concerns. 
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In the case of tap water, only one sample from General Roca (RN-TW-10) containing 27.77 
µg/l As exceeded the drinking water guideline values set by both authorities, whilst the other 
93 % of tap water sample was found to still be below 10 µg/l As. For this water sample (RN-
TW-10), the percentage of inorganic and organic arsenic species was similar (50%). The iAs 
(iAs
III
 + iAs
V
) in all tap water samples represents between 17.2 to 84.2 % of the arsenic total, 
with most of the arsenic species being iAs
V
. The only exception was the tap water collected 
from Allen (RN-TW-08 and RN-TW-14) and Cipoletti (RN-TW-11) townships that 
contained 59 – 67 % of organic arsenic (MAV + DMAV), with DMAV being the main arsenic 
species. 
In contrast, the groundwater samples from farm areas of the Alto Valle contained 1.03 – 
38.66 µg/l As, with 4 (RN-GW-07 to RN-GW-10) out of 5 farms having total arsenic levels 
above 10 µg/l As. The samples from RN-GW-01 to RN-GW-06 (a farm with three different 
wells) had recorded arsenic levels lower than the drinking water guideline value, with iAs
III 
being
 
the major species (75 – 79%) and AsV 13 -16 % of the AsT. The reason for As
III
 
(H3AsO3
0
) being the predominant species in the groundwater samples from this farm is likely 
to be due to the pH range of 6.84 – 7.22, whilst other farms have slightly alkaline pH levels 
(8.18 – 8.52). However, the groundwater samples of RN-GW-07 to RN-GW-10 exceed the 
safe As levels in drinking water and iAs
V
 is the major species. The only exception was for the 
groundwater collected from Allen (RN-GW-10) that had the highest total arsenic level (38.66 
µg/l As) with the dominant species of MA
V
 (40%). On the other hand, the rain water samples 
that were collected from General Roca had AsT levels ranging from 0.75 – 3.23 µg/l As; with 
70 – 84 % of the AsT being iAs
V
. In recent studies, rain water was harvested as an alternative 
source to groundwater, especially in As-endemic countries, as it normally contains low 
concentrations of arsenic, anions and cations (Sengupta et al., 2006; Neill et al., 2013; 
Brahman et al., 2014). 
Overall, the concentrations of AsT and the distribution of arsenic species in the Río Negro 
water systems follow the data reported by previous studies. That is, where samples contained 
low total arsenic levels (with the majority <10 µg/l ) the predominant species was reported to 
be arsenate, iAs
V 
(O‘Reilly et al., 2010; Farnfield, 2012; Lord, 2014; Ward et al., 2014; Al 
Rawahi, 2016). However, some of the tap waters (RN-GW-7 and RN-GW-12) and a 
groundwater (RN-GW-10) sample had arsenite, iAs
III
 as the main species, which is a similar 
finding to that reported by O‘Reilly et al. (2010). The percentage of MAV and DMAV in all 
water samples was found to range over 9 – 49% and 1 – 50%, respectively; with the 
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predominance species being MA
V
. Even so, the concentration range for both organic species 
across all samples (0.18 – 13.57 µg/l MAV; 0.06 – 1.87 µg/l DMAV) were found to be low. 
Furthermore, none of the water samples had levels that exceed the permissible levels for 
irrigation of agricultural land (100 µg/l As) and animal husbandry (500 µg/l As) as regulated 
by the Argentina authority (Bundschuh et al., 2011). 
 
 
Note:The unit for total arsenic (AsT) is µg/l; RN- río Negro; RC - río Colorado; SW- surface water, TW – tap water, *water         
samples used for washing and cooking of foodstuffs; GW – groundwater; RW – rain water. 
 
Figure 3.2 The percentage contribution of arsenite (iAs
III
), arsenate (iAs
V
), 
monomethylarsonic acid (MA
V
) and dimethylarsinic acid (DMA
V
) to the total 
arsenic (AsT); reported as µg/l, in each sample collected from the Alto Valle of 
the Río Negro province and río Colorado river (control sites). 
 
 Mo, V and other trace elements 3.1.4
Molybdenum, Mo is an oxyanion that is commonly associated with high levels of As in 
groundwaters under oxidising conditions (Smedley et al., 2002). Thus, the evaluation of Mo 
in waters is important especially in As-endemic areas, where the As-risk may be similar to a 
Mo-risk (Smedley & Kinniburgh, 2017). The concentration of Mo in uncontaminated natural 
waters is usually found to be less than 10 µg/l and is unlikely to pose a problem in water 
supplies (Smedley et al., 2014). This has been confirmed in this study where all the water 
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types collected from control sites were found to have Mo levels < 10 µg/l (Table 3.2). The 
only exception was for a groundwater (RN-GW-10) that had a level of 27.43 µg/l Mo which 
is above the recommended maximum Mo concentration (10 µg/l Mo) for irrigation water 
(FAO, 1994). Nonetheless, none of the water samples exceed the former WHO health-based 
drinking-water guideline (withdrawn in 2011) for molybdenum, 70 μg/l (Graham, 1999).  
The present study is in good agreement with data reported by Al Rawahi (2016) for surface 
(<0.7 – 5.9 µg/l Mo), tap (<0.7 - 8.5 µg/l Mo) and ground (<0.7 - 27.4 µg/l Mo) waters. 
Another oxyonion, vanadium (V), was also found to be present in control site samples. To 
date, no health-based guideline value has been set by the WHO or Argentinean authorities for 
vanadium in drinking water. However, the Office of Environmental Health Hazard 
Assessment has recommended an action level of 15 ug/l V to provide protection for unborn 
and newborn children (OEHHA, 2000). In contrast, the Californian Department of Public 
Health has proposed 50 µg/l V as a notified level due to the high levels of V in drinking water 
(Wright & Belitz, 2010). The vanadium concentrations in groundwaters of this study were 
significantly higher (1.70 – 130.1 µg/l V) than those for surface and tap waters, that typically 
contained ≤ 10 µg/l V (Table 3.2). The only exception was the tap water sample RN-TW-10 
(98.97 µg/l V, from General Roca), over the 50 µg/l V the notification limit established by 
California authority. In addition, the groundwater of RN-GW-10 (130.11 µg/l V, in Allen) 
not only exceeded this notification level, but also it was not fit for the agricultural purposes 
(eg; irrigation of livestock drinking water), being over the 100 µg/l V limit set by FAO 
(1994). The levels of V in the río Negro water system agreed with those reported in a 
previous study; 0.9 – 113.1 µg/l V (Al Rawahi & Ward, 2017), but were found to be lower 
than the V levels reported by Farnfield (2012) and Lord (2014) for groundwaters (2.2 – 33.66 
µg/l V). The levels of V in the Río Negro province agreed with a recent study by Al Rawahi 
(2016) (0.9 – 113.1 µg/l V), although they were lower than previously reported by Farnfield 
(2012) and Lord (2014) for surface (< 0.20 – 5.23 µg/l V) and groundwater (2.20 – 33.66 µg/l 
V) . 
On the other hand, the concentration of other trace elements (Mn, Fe, Cu, Zn and U) were 
found to be well below the WHO guideline for drinking water (Table 3.2). In contrast, few 
samples of surface (RN-SW- 5 and RN-SW-11) and groundwater (RN-GW 04 - 06) surpass 
the permissible levels of 100 µg/l Mn, as recommended by the Código Alimentario Argentino 
guideline (CAA, 2012). However, the Mn and Fe levels in the río Negro water system are 
considerably higher than those reported by Farnfield (2012) but in good agreement with the 
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levels reported by Lord (2014). Interestingly, the concentration of Zn was found to be 
elevated in rain water samples with the concentration range of 879.0 and 1173.5 µg/l Zn. This 
could possibly be due to the washout of this element in the atmospheric via wet and dry 
deposition (dust) which has resulted from the high levels of vehicle transportation in the Alto 
Valle. 
 South-east of La Pampa 3.2
This study was focused along ruta national 154 starting from 38°24'7S, 64°04'51W (code: 
LP-R-#) to approximately 100 km where it meets the cross-section with ruta 35 
(37°46'3.00"S, 63°58'45.00"W; code: LP-B-#); and then further to the east along ruta 35 for 
about 43 km (LP-GSM-#). Collection of water samples along ruta 35 included two small 
farming towns, namely, Bernasconi and General San Martín. This study area lies within the 
Chaco-Pampean plain that has been characterised by the presence of a thick sequence of 
Quaternary sediments (Smedley et al., 2002). The Aeolian loess deposits which covered the 
top part of this plain (80 -300 m) make up the main exploited aquifers in La Pampa. 
Additionally, volcanic ash falls that originate from previous volcanic eruptions of Quiza Pu 
(1932), Copahue (Neuquén Province: 2000), Puyehue (Chile: 2011) and Calbuco (Chile: 
2015) (Smedley et al., 2002; Ibáñez et al., 2008; Al Rawahi, 2016) have significantly affected 
the chemical composition of these loess deposits. The Quiza Pu eruption produced a white 
rhyolitic volcanic ash which had As levels (3 - 18 mg/kg AsT) similar to that found in the 
topmost part of the loess sediment of this region (Smedley et al., 2002). Therefore, the 
groundwaters of the La Pampa province have been reported to contain elevated levels of As 
and other associated trace elements; probably present as anions and oxyanions such as F, V, 
Mo and U. These chemicals may potentially have toxic effects in relation to human health, 
particularly through water consumption (Smedley et al., 2002; O‘Reilly et al., 2010; 
Farnfield, 2012; Al Rawahi, 2016).  
As a result of previous studies on the water quality of the La Pampa region, urban water 
supplies in the towns of Bernasconi and General San Martín treat surface water (reverse 
osmosis and chlorination) that is piped from the río Colorado (the southern border of La 
Pampa province). This surface water (used as a control site in this study) has been reported to 
have very low levels of As, V and F (Al Rawahi, 2016). However, in the rural farming areas, 
the residents have only access to untreated well waters for drinking, and food preparation 
(that is, the washing of raw vegetables and the cooking of local foodstuffs, such as onions, 
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potatoes, carrots – refer to Chapter 5). Moreover, these groundwaters are used throughout the 
region for the watering of livestock (cattle and horses) and for the irrigation of pastures 
(cattle grazing) and food crop production (cereals, sweet corn, carrots and potatoes).  
 Sample locations  3.2.1
Water samples (tap and ground) were collected along national rutas 154 and 35 during the 
period of 2014 – 2016. The main of sampling locations are shown in Figure 3.3 and the 
details information for each site is tabulated in Appendix C1. During the first sampling period 
(2014), several replicates of groundwater samples (taken from wind or electric driven wells) 
(refer to Table 3.4, sampling codes with symbol §) were collected at the same sampling 
locations along ruta 154 (LP-R-GW 01-03) and ruta 35 (LP-GSM-GW-01 and LP-GSM-GW 
03-04). This study was set-up to investigate any possible variation in the water quality as a 
function of the sampling point, namely, from the outflow pipe (wind driven fan wells) or 
tank. This is very important in terms of how the sampling protocol established for the 
collection of well waters may influence the levels of arsenic – total and species (Al Rawahi, 
2016). However, a paired t-test (see appendix B3 for details) confirmed that no statistically 
significant different was observed in the levels of AsT between the water samples collected 
from the outflow pipe and tank (LP-R-#: n, number of samples = 16, |t|calc 1.58 < tcrit 4.3, P > 
0.05; LP-GSM-#: n = 11, |t|calc 1.65 < tcrit 4.3, P > 0.05). Therefore, the collection of well 
water samples in the present study were taken from either the outflow pipe (with the fan in 
the ―ON‖ mode position) or the storage tank. However, a difference was observed in the 
outflow sample of LP-R-GW-3B (n=4) when the fan was not operating (―OFF‖ mode) 
resulting in no water inflow into the tank.  
The present study highlights the investigation of a new rural farming area from the cross-
section of ruta 154 – 35 and towards the town of Bernasconi (groundwaters; n=17, tap 
waters; n=3) compared to study a by Al Rawahi (2016) (who collected only 1 groundwater 
sample from Bernasconi as part of an evaluation of V and F
 
levels). In the case of General 
San Martín, more farm well waters (5 out of 19 wells) were sampled during 2016 along with 
the resampling of three specific farm wells which were included to provide ‗fresh‘ waters for 
the food preparation experiments (Chapter 5). In addition, tap waters were also collected 
from General San Martín (n=6) as these water samples represent the urban tap water (treated 
and non-treated) which is pumped from the río Colorado river.  
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Figure 3.3 Map of the south-east La Pampa study region along ruta 154 and ruta 35 (up to 
General San Martín), central-north La Pampa (Eduardo Caxtex) and southern 
Buenos Aires (after the border up to San Germán), Argentina used for sample 
collection during 2014 - 2016 (modified from Google Maps™).  
 
 Physico-chemical parameters 3.2.2
The collected samples from the three different areas were displayed circumneutral to slightly 
alkaline (6.93 – 8.48) for groundwaters, whilst circumneutral pH (6.99 – 7.78) for tap waters. 
The total dissolved solids (TDS) and electrical conductivity (EC) levels in groundwaters were 
higher than for tap waters; where the maximum values of TDS and EC exceeded the 
maximum instrumental measurement limit for both parameters (TDS: 4000 mg/l; EC: 2000 
µS/cm), as reported in Table 3.3. This finding could be explained by commercial exploitation 
of salt deposits along ruta national 35 (Al Rawahi, 2016). 
The redox potential varied across the samples (-158 to 118 mV), with the negative value 
(reducing conditions) being associated with sample LP-R-G-3B (a farm with 2 different 
wells, see Table 3.4). The high negative redox potential (Eh) value in this well was probably 
due to the pumping facility being turned off before sample collection. This was confirmed by 
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the redox potential gradually increasing with time following the operation of the wind fan of 
the pump. All physical parameters in the present study were comparable to the values 
reported in a previous study (Table 3.3).  
Table 3.3 The mean (and range) of pH, electrical conductivity (EC), total dissolved solid 
(TDS), redox potential (Eh) values for all samples collected from the south-
east region of La Pampa, Argentina. 
  
Type of water n pH EC (µS/cm) TDS (mg/l) Eh (mV) 
ruta 154 (LP-R-#) 
GW 01-03 19 7.39  
(6.93-7.83) 
2404  
(1412-4000a) 
1009  
(629-2000a) 
46 
(-158-118) 
Bernasconi (LP-B-#) 
GW 01-17 17 7.86 (7.26-8.25) 1775 (988-2688) 910 (502-1548) 80 (45-110) 
TW 01-03 3 7.39 (6.99-7.78) 1510 (1254-1766) 750 (625-874) 74 (73-74) 
General San Martín (LP-GSM-#) 
GW 01-17 15 7.81 (7.32-8.48) 2018 (693-3880) 975 (577-1989) 65 (44-96) 
TW 01-06 6 7.54 (7.45-7.64) 1503 (1062-1740) 752 (531-865) 154 (60-276) 
Al Rawahi (2016) 
Groundwater 
 
20 
 
(7.00-8.56) 
 
(1112->4000) 
 
(556->2000) 
 
(-62-118) 
Note: LP – La Pampa; GW – groundwaters; TW – tap waters; a the maximum limits for the probes to record TDS and EC. 
 
 Arsenic: total and speciation 3.2.3
The levels of total arsenic (AsT) measured in all groundwater samples (range: 17.66 - 319.39 
µg/l AsT) exceed the World Health Organisation, WHO (2011a) and Código Alimentario 
Argentino (CAA, 2012) guidelines for drinking waters (10 µg/l AsT). The range of AsT values 
are comparable with the data reported by Al Rawahi (2016), who found 1.39 – 289.02 µg/l 
AsT in 20 different groundwater samples, with the majority of the species being arsenite, 
As
III
. The only exception was sample LP-R-GW-3B due to the well pump being turned off 
(see section 3.2.1). In general, the levels of AsT in the groundwater samples followed the 
order; General San Martín > Bernasconi > ruta 154. In addition, the tap waters (26.35 – 31.77 
µg/l As) collected from Bernasconi were also above the guideline limit set by both 
authorities. Interestingly, the tap waters from General San Martín varied from 0.92 to 78.75 
µg/l AsT. This variation may possibly be due to the source of the tap waters. In this case, 
samples collected from Bernasconi were untreated (directly from a well in the residential 
garden piped to the house) or from a local processing plant that uses piped surface water from 
the río Colorado.  
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Table 3.4 Concentration of total arsenic and other trace elements (µg/l) in the samples collected from the south-east region of La Pampa 
during 2014 - 2016. Regulatory guidelines for drinking water are provided for the World Health Organisation (WHO) and the 
Código Alimentario Argentino (CAA). Data were reported as mean (and range) for samples that were collected at different 
times/season (n>1)**. 
 
Sample Code  Concentration (µg/l) 
As V Mn Fe Cu Zn Mo U 
WHO (2011a) 10 NEa NEa NEa 2000 3000 NEb 30 
CAA (2012) 10 NE 100 300 2000 5000 NE  
         
Ruta 154 (LP-R-#) 
Rural groundwater (GW) 
GW-01 (n=3)§ 50.67 210.74 2.75 8.8 4.89 329.4 <0.09 11.59  
(48.93-52.43) (172.50-230.76) (1.94-3.45) (1.96-15.4) (<0.09-8.21) (42.68-500.2) (11.01-12.34 
GW-02 (n=5)§ 23.62 192.01 2.79 192.0 1.39 107.0 <0.09 1.89  
(17.66-28.35) (165.81-215.27) (0.12-5.88) (<1.0-764.2) (<0.09-5.51) (12.40-248.5) (1.66-2.10 
GW-03A (n=7)§ 66.62 290.64 0.13 0.8 0.12 3.5 <0.09 2.71 
(64.56-69.86) (276.45-308.24) (<0.03-0.46) (<1.0-2.3) (<0.09-0.39) (<0.2-12.8) (2.43-2.91) 
GW-03B (n=4)§ 6.73 50.30 54.97 1158.0 11.66 586.1 <0.09 1.15 
(0.61-23.74) (1.01-187.29) (2.89-87.47) (39.67-2359.0) (1.13-18.94) (71.9-1590.5) (0.39-1.91) 
Bernasconi (LP-B-#) 
Rural groundwater (GW) 
GW-01 45.02 209.58 0.11 <0.1 0.32 25.3 <0.09 3.08 
GW-02 126.15 489.25 1.36 4.1 3.06 13.0 28.04 9.98 
GW-03 137.44 517.92 1.25 4.5 3.56 8.2 25.53 22.88 
GW-04 140.99 561.08 1.14 24.4 1.57 5.9 26.20 3.54 
GW-05 33.48 164.06 26.43 1069.1 2.20 99.9 17.15 13.81 
GW-06 22.51 124.60 28.36 778.0 9.57 287.0 1.85 9.06 
GW-07 76.4 250.49 1.50 33.6 1.70 7.1 18.14 13.60 
GW-08 80.48 269.62 1.23 22.9 1.42 5.8 20.10 13.23 
GW-09 79.78 272.63 1.30 25.6 1.49 5.9 20.10 13.21 
GW-10 84.54 289.92 1.12 14.4 3.60 5.7 20.48 12.83 
GW-11 86.85 303.33 0.87 18.1 2.92 5.7 23.42 12.20 
GW-12 106.83 406.13 0.73 19.1 2.92 6.0 30.98 13.59 
GW-13 107.29 406.58 0.74 16.4 2.77 5.5 31.08 12.42 
GW-14 107.47 449.38 0.73 7.1 2.54 4.9 36.05 6.11 
GW-15 108.96 430.71 0.59 15.9 4.78 5.4 32.51 15.87 
GW-16 61.92 277.85 17.43 941.8 4.50 77.7 24.65 1.95 
GW-17 80.53 273.12 0.77 12.6 2.71 4.6 17.52 16.22 
Urban tap water (TW)  
TW-01 26.35 <0.05 1.58 <1.0 0.94 7.5 <0.09 <0.03 
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Sample Code  Concentration (µg/l) 
As V Mn Fe Cu Zn Mo U 
TW-02 (n=2) 31.15 
(30.53-31.77) 
188.30 
(187.51-189.09) 
<0.03 <1.0 <0.09 167.5 
(32.6-302.5) 
<0.09 13.86  
(13.73-13.98) 
General San Martín (LP-GSM-#)  
Rural groundwater (GW)  
GW-01 (n=4)§ 69.44 339.40 6.25 307.4 14.38 77.2 <0.09 10.67 
 (61.47-77.63) (330.04-345.10) (0.77-11.19) (55.9-564.4) (5.61-21.66) (9.9-116.2) (9.79-11.61) 
GW-02 143.37 575.98 0.94 6.4 0.91 1.0 25.54 5.41 
GW-03 (n=6)§** 223.68 956.67 0.47 3.9 3.99 12.3 35.67 14.71 
 (199.07-313.14) (190.42-1197.02) (0.04-0.95) (<1.0-10.1) (0.35-9.07) (4.2-38.8) (1.52-84.64) (1.70-29.84) 
GW-04 (n=10)§** 288.48 1263.50 2.03 54.9 14.07 37.4 47.24 17.01  
 (265.03-319.39) (1156.0-1444.0) (0.22-6.05) (2.4-345.6) (2.88-55.27) (4.2-100.2) (<0.09-85.04) (10.68-28.60) 
GW-05 (n=3)** 128.05 635.58 1.13 25.6 5.92 9.5 26.92 28.00  
 (114.46-153.18) (613.15-656.30) (0.89-1.32) (5.7-38.1) (3.58-7.29) (5.1-11.2) (26.60-27.52) (26.52-29.19) 
GW-06 (n=3)** 83.76 562.87 8.53 923.6 7.98 72.8 16.41 13.54  
 (39.05-106.31) (218.18-742.54) (0.43-24.67) (11.9-2745.2) (5.65-9.53) (28.6-161.0) (15.90-17.41) (10.24-15.56) 
GW-07 (n=3)** 118.00 605.28 1.56 21.2 5.51 107.4 18.16 13.86  
 (106.24-140.78) (598.16-609.77) (0.75-2.78) (6.8-40.6) (3.67-6.51) (5.5-159.5) (14.09-25.92) (6.86-18.14) 
GW-08 (n=3)** 86.90 420.97 10.69 168.1 4.69 43.1 15.67 11.57  
 (18.30-121.57) (92.81-594.36) (0.41-30.92) (37.9-410.8) (2.29-6.33) (28.3-69.4) (12.73-17.31) (2.05-16.83) 
GW-09 (n=2)** 132.19 674.15 2.52 30.4 15.22 49.8 26.47 15.60  
 (115.40-148.98) (540.12-808.17) (2.38-2.65) (14.3-46.4) (4.94-25.50) (47.9-51.6) (4.53-48.40) (10.56-20.63) 
GW-10 (n=3)** 88.80 538.65 7.17 870.9 4.23 64.2 27.69 10.51  
 (47.07-109.79) (263.94-677.37) (0.75-19.63) (59.3-2487.5) (3.33-5.57) (37.8-114.5) (15.90-33.69) (2.88-14.39) 
GW-11 (n=3)** 246.58 1122.79 2.00 38.7 4.62 11.7 50.91 21.16  
 (217.46-299.57) (1074.60-1187.86) (1.96-2.08) (6.0-92.3) (1.35-10.52) (6.7-15.1) (33.61-85.39) (16.56-28.32) 
GW-12 266.69 1175.80 1.93 22.0 10.24 13.0 83.91 4.52 
GW-13 104.69 431.70 1.96 7.9 5.44 13.3 14.09 45.07 
GW-14 64.35 383.35 1.26 5.5 2.29 26.1 70.08 2.06 
GW-15 127.34 463.78 0.57 10.3 0.76 21.9 35.41 6.25 
Urban tap water (TW) 
TW-01 (n=3) 10.67 42.94 0.28 <1.0 0.99 17.8 13.01 1.54 
(0.92-27.98) (7.13-108.11) (0.03-0.71) (1.0-1.6) (<0.09-2.41) (12.4-27.3) (<0.09-31.53) (1.54-3.01) 
TW-02 (n=3) 77.50 426.58 11.61 5.1 1.52 18.9 8.25 6.80 
(76.71-78.75) (405.51-460.42) (11.06-12.02) (<1.0-14.3) (0.77-2.72) (12.4-29.2) (<0.09-2.67) 1.61-12.94 
Note: 
§
samples were taken based on sampling protocol; A and B is a farm with two different well; N/E not established; a typical level in drinking water is unlikely to cause a health concern; b occurs in drinking water 
at concentrations well below that reported for health concerns. 
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Furthermore, a number of wells in Bernasconi (7 out of 17) and General San Martín (14 out 
of 15) were considered to not be fit for use as irrigation water as the As levels were above the 
maximum limit (100 µg/l AsT) suggested by the United States Food and Agriculture 
Organisation (FAO, 1994). On the other hand, three wells that were located in farms near 
General San Martín surpass the FAO limit (1994) for watering livestock (200 µg/l AsT). 
Interestingly, these farms using well waters for the watering of local domestic livestock (e.g. 
cows, horses, chickens and pigs). 
In terms of the arsenic species, no speciation analysis was undertaken during 2014 and only a 
few groundwater samples from Bernasconi have As speciation data (LP-B-G 13-17). The 
recovery of the arsenic speciation data ranged between 68 and 112 % (see Appendix C2) 
when compared to the concentration of the AsT. Such performance is due to the high matrix 
components (anions) in the water samples as depicted in Appendix C6. The high levels of  
chloride, sulphate and nitrate have influenced the ion-exchange efficiency of the cartridges 
(refer to the sample with code of LP-GSM-GW-04, Appendix C6). This result supports the 
data obtained by Watts et al. (2010), showing a reduction of the arsenic percentage recovery 
down to 68 % (LP-GSM-GW-04). Thus, a dilution prior to the loading of the SPE cartridges 
has been recommended for the well water samples containing highly matrix components 
(Watts et al., 2010) during sample collection in this region.  
Overall, 95 % of the groundwaters (19 wells analysed for As speciation) in south-east La 
Pampa have predominantly the inorganic forms, iAs (iAs
III
 + iAs
V
); which ranged between 40 
% to 100% (Figure 3.4). However, one sample (LP-B-GW-16) from Bernasconi contained a 
higher level of organic arsenic, with the predominant species being MA
V
. In Bernasconi, 60 
% of the groundwaters (n=5) were predominantly As
V
,
 
whilst 57 % of the groundwaters in 
General San Martín (n=14) were in the form of iAs
III
. The difference in the As species 
distribution for both areas was influenced by the redox potential, where water with a less 
oxidised condition (high levels of TDS and EC) favours the presence of the arsenite species 
(see correlation study in section 3.2.5). Thus, it suggests that matrix components of the water, 
such as the salt content (from the salt deposits), could possibly change the As speciation 
levels in the water. This was also observed in the study by Lord (2014).  
In terms of the two methylated arsenic species that were detected, MA
V
 (2.8 – 46 %) was 
found to be at higher levels than for DMA
V
 (0.1 – 13 %) in all water samples. The higher 
proportion of MA
V
, especially in the Bernasconi samples, could indicate the methylation of 
inorganic arsenic by microbial activities and/or possibility of anthropogenic input resulting 
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from agricultural activities, such as the application of agrochemicals that contain nitrate or 
phosphate from herbicides or pesticides (O‘Reilly et al., 2010). This is possible since these 
wells were located on agricultural land. 
 
 
Note:The unit for total arsenic (AsT) is µg/l; B- Bernasconi; G.S.M- General San Martín; *water samples used for washing 
and cooking of foodstuffs; GW – groundwaters; TW – tap waters. 
 
Figure 3.4 The percentage contribution of arsenite (iAs
III
), arsenate (iAs
V
), 
monomethylarsonic acid (MA
V
) and dimethylarsinic acid (DMA
V
) to the total 
arsenic (AsT; µg/l) levels in each sample collected from the south-east of La 
Pampa province, Argentina. 
 
 Mo, V and other trace elements  3.2.4
Molybdenum levels in the groundwater and tap water samples collected from the south-east 
region of La Pampa varied from below the detection limit (BDL, < 0.09 µg/l Mo) up to 85.39 
µg/l Mo and 31.53 µg/l Mo for ground and tap water, respectively. Interestingly, none of the 
groundwater samples (4 wells) from ruta national 154 have detectable Mo levels. In contrast, 
Mo levels in the tap water from General San Martín (LP-GSM-TW-01) differed as a function 
of the sampling period. In 2016, the Mo level was higher than 10 µg/l Mo, whilst in 2014 and 
2015 the values were lower. This could be linked to the water source of the tap water; 
namely, when the water treatment works came into operation. Among all samples analysed, 3 
wells in General San Martín (Table 3.4) were found to contain Mo levels higher than the 
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former WHO Health-based drinking-water guideline of 70 µg/l Mo. The present study 
supports the data reported by Al Rawahi (2016) for different samples collected in this region 
who found the total Mo content of groundwaters to range between BDL to 94.30 µg/l Mo. 
Although the water levels in this study exceed the FAO guideline (10 µg/l Mo) for irrigation 
water, the higher levels found in water will only be toxic if forage is grown under high levels 
of available Mo in the soil (FAO, 1994).   
In the case of vanadium, the concentrations in groundwaters varied across all samples (1.01 - 
1444 µg/l V) with all samples exceeding the notified levels for V in drinking water, 50 µg/l 
(Wright & Belitz, 2010). However, it must be noted that the only one well alongside ruta 
national 154 that showed large variations in the V level (1.01 – 187.29 µg/l V) is linked to the 
sampling protocol (LP-R-GW-3B). In contrast, the levels of vanadium in tap water ranged 
from < 0.05 (BDL) – 460.42 µg/l V. Details of the V levels in each sampling location are 
shown in Table 3.4. Like for the case of arsenic, the vanadium concentrations in 
groundwaters were found to be higher in General San Martín (mean: 794.9 µg/l V) compared 
to samples from Bernasconi (mean: 335.07 µg/l V) and ruta 154 (mean: 201.47 µg/l V). The 
values fit well with previous studies in the south-east of La Pampa province, which also 
reported high levels of vanadium in different well waters, ranging from 6.12 to 1380.60 µg/l 
V (Al Rawahi, 2016). More recently, the Italian Ministry of Health has proposed a new 
guideline of 140 μg/l V for drinking water based on a laboratory toxicity study using rats and 
the continues exposure to sodium metavanadate via drinking water (Crebelli & Leopardi, 
2012). This guideline was proposed as some of local groundwaters had high level of V, 
which were being used as water supplies for drinking water (Arena et al., 2015). Thus, the 
local inhabitants from this study area may potentially exposed to the ingestion of V via 
drinking water.  
On the other hand, the concentrations of Fe, Mn, Cu, Zn and U were still within the 
permissible levels for drinking water as recommended by World Health Organisation (2011). 
The only exception was one sample from General San Martin (LP-GSM-W-13) that 
contained uranium at a level higher than 30 µg/l U, the allowable concentration for drinking 
water set by the WHO (2011a). The provisional guideline value of 30 µg/l U is based on new 
epidemiological studies of populations that had been exposed to high uranium concentrations 
in water. This guideline replaced a previous value derived from experimental animal studies, 
linked to uncertainties regarding the toxicology and epidemiology of uranium (Graham, 
1999). Al Rawahi (2016) also reported uranium levels in the groundwaters of south-eastern 
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La Pampa that ranged between   < 0.03 to 23.73 µg/l U. In addition, some of the groundwater 
samples also contained Fe levels (up to 2745.2 µg/l Fe) higher than 300 µg/l (Table 3.4), 
which is the level allowed by Código Alimentario Argentino (CAA, 2012). Interestingly, 
these samples also contained high zinc levels. A possible explanation for this observation 
could be due to galvanised Zn water piping or the penetration of colloidal particles through 
the 0.45 µm filter (Smedley et al., 2002; Al Rawahi, 2016). It was also noted that sample LP-
R-GW-03B contained Mn levels ≥ 50 µg/l Mn which is the levels set for waters to not be fit 
for the watering of livestock, as suggested by FAO (1994).  
 Central-north of La Pampa 3.3
This study area, namely Eduardo Castex (3553‘60S, 6417‘60W), is located at 80 km to the 
north of Santa Rosa, the capital of La Pampa province (Figure 3.3). A low annual rainfall, 
approximately 650 mm per year, and a lack of surface water in this region have resulted in 
the reliant on using groundwaters for domestic drinking and in the preparation of foodstuffs 
(washing and cooking). This is especially on rural farms where there is no treatment facilities 
associated with the abstraction and utilisation of well waters, for domestic or agricultural 
purposes. The groundwaters from Eduardo Castex are characterised by Na-bicarbonate type 
high salinity, oxidising conditions, neutral-alkaline pH (7.0 -8.7) and have been reported to 
be naturally contaminated with elevated As (up to 5300 µg/l AsT) and other associated trace 
elements (eg: V and Mo). This is because this region lies within the Chaco-Pampean plain 
that have contains Quarternary loess-type sediments and layers of ash associated with 
historical volcanic activities (see section 3.2) (Smedley et al., 2002). In contrast, reverse-
osmosis treated water is supplied to the urban communities of Eduardo Castex for drinking 
water and other purposes with As levels <10 µg/l AsT (Smedley et al., 2002; O‘Reilly et al., 
2010; Farnfield, 2012). Eduardo Castex have been extensively researched in the past. 
Therefore, this present study will provide an additional set of data for groundwater sources 
around the study area. This will enable a comparison to be made of the different trace 
element levels in groundwaters within the La Pampa province (Eduardo Castex and south-
east La Pampa). In addition, the groundwaters from Eduardo Castex will be used in the 
preparation of foodstuffs to evaluate the effect of washing and cooking using untreated As-
contaminated water (Chapter 5). Finally, several water samples from the water treatment 
plant of Santa Rosa were also analysed for trace elements level and compared with the 
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untreated local groundwater and previous reported studies from water treatment of Eduardo 
Castex, La Pampa.  
 Sample locations 3.3.1
Water samples were collected during 2015 - 2016 over 2 different periods; December 2015 
and May 2016, from wells (n=17) and farm residences tap water (n=1) around Eduardo 
Castex, as shown in Figure 3.3 and details in Appendix C1. During the sample collection 
period, four of the groundwater samples; LP-EC-GW 01, LP-EC-GW 04, LP-EC-GW-05 and 
LP-EC-GW- 17 were used in the preparation of foodstuffs study, as detailed in Chapter 5. 
Samples for both sampling periods were analysed for arsenic (total and species) together with 
the other trace elements of interest, as described in the following sections.  
 Physico-chemical parameters 3.3.2
The groundwater samples in this study region had the following pH (7.54 – 9.36), total 
dissolved solids (456 - >1999 mg/l) and electrical conductivity (882 – >3999 μS/cm) levels. 
The groundwater samples also showed oxidising conditions (4 – 69 mV), except for sample 
from LP-EC-05 (-6 mV). The data compares well with other studies undertaken in Eduardo 
Castex (Table 3.5). The most noticeable difference was the redox potential values which are 
considerably lower than previously reported data (131 – 492 mV) (Smedley et al., 2002). 
However, the results in this study are in good agreement with the physico-chemical values 
published by Al Rawahi (2016).  
Table 3.5 The mean (range) of pH, electrical conductivity (EC), total dissolved solids 
(TDS), redox potential (Eh) for all samples collected from the central north 
region of La Pampa, Argentina. 
 
Type of water n pH EC (µS/cm) TDS (mg/l) Eh (mV) 
Rural groundwaters (LP-EC-GW-#) 
Present study 
GW 01-17 
17 8.14  
(7.54 - 9.36) 
3364  
(882 to >3999) 
1716  
(456 to >1999) 
41.08  
(-6 to 69) 
Smedley et al. (2002) 108 (6.99 – 8.66) (773 – 17500) (730 – 11500) (131 – 492) 
O‘Reilly et al. (2010) 29 (7.4 - 9.9) (767 to >3999) (383 to >2000) NA 
Farnfield (2012) 28 (7.4 - 9.9) (767 to > 3999) (383 to > 2000) NA 
Al Rawahi (2016) 19 (7.6 - 9.4) (882 to >3999) (456 to >1999) (3 - 41 mV) 
Tap waters (LP-EC-TW-#) 
Present study 
TW-01 
1 7.86 3166 1639 25 
O‘Reilly et al. (2010) 23 (7.7 – 8.8) (1446 to >3999) (118 to >2000) NA 
 Note: NA- data not available. 
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 Arsenic: total and speciation  3.3.3
The As concentrations of tap waters ranged from 48.82 to 1688.63 µg/l AsT, and all were 
above the World Health Organisation, WHO (2011a) and Código Alimentario Argentino 
guidelines (CAA, 2012) set for drinking water (<10 µg/l AsT). In addition, 76 % of the 
analysed groundwater samples (n=37, total 17 wells) contained > 500 µg/l AsT (Table 3.6), 
where the As concentrations were 5 and 2.5 times greater than the permissible levels for 
irrigation waters and the watering of livestock (FAO, 1994), respectively.  
The As levels in this study are consistent with the As levels reported in previous studies for 
Eduardo Castex; < 4 - 5300 µg/l AsT (Smedley et al., 2002), 33.0 - 1128 µg/l AsT (O‘Reilly et 
al., 2010); 24.9 - 946 µg/l AsT (Farnfield, 2012); 54.18 – 1174.86 µg/l AsT (Al Rawahi, 
2016). In another part of La Pampa, O‘Reilly et al. (2010) reported levels of 3 - 1326 µg/l AsT 
in groundwater samples (n=23) from Ingeniero Luiggi (some 50 km north of Eduardo 
Castex), whilst Ward et al. (2014) found 2.7 – 1326 µg/l AsT in groundwater samples (n=238) 
from other parts of La Pampa.  
Figure 3.5 clearly shows that As in the ground and tap waters were present mainly in the 
inorganic forms (iAs
III
 + iAs
V
), since more than 80% of the arsenic total was iAs which 
account for 60% of the analysed samples (37 groundwater; 1 tap water). The predominant 
species in the present study was iAs
III
 (89 % of the total analysed samples) and the other 11% 
(LP-EC-GW-11 to LP-EC-GW-14) being iAs
V
. These results are in agreement with O‘Reilly 
et al. (2010) and Al Rawahi (2016), who also reported that iAs
III 
was the predominant species 
in the groundwater samples of Eduardo Castex. There was also a variation in the percentage 
recovery of the arsenic species for well waters from Eduardo Castex that ranged from 79 to 
124 % of the total arsenic levels. This may be explained by the high levels of anions as 
shown in Appendix C6 (sample codes LP-EC-GW-01, LP-EC-GW 04-05). However, the 
presence of high levels of flouride, chloride, sulphate, nitrate and phosphate from this areas 
confirmed the data in the previous studies reported by O‘Reilly et al. (2010) and Al Rawahi 
(2016). 
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Table 3.6 Concentration of total arsenic and other trace elements (µg/l) in the samples collected from the central-northern region of La 
Pampa during 2014 - 2016. Regulatory guidelines for drinking water are provided for the World Health Organisation (WHO) and 
Código Alimentario Argentino (CAA). Data are reported as mean (and range) for samples that collected more than one replicate 
due to difference in collection time/season (n>1)**. 
 
Sample code Concentration (µg/l) 
As V Mn Fe Cu Zn Mo U 
WHO (2011a) 10 N/Ea N/Ea N/Ea 2000 3000 N/Eb 30 
CAA (2012) 10 N/E 100 300 2000 5000 N/E N/E 
Groundwaters (LP-EC-#)  
GW-01  
(n=10)** 
715.42 
(577.03-915.23) 
1759.87 
(1566.2-1878.0) 
0.54 
(0.09-1.11) 
14.8 
(0.6-27.9) 
1.92 
(0.70-4.14) 
29.1 
(5.3-48.6) 
53.86 
(47.51-57.37) 
60.15 
(54.24-68.08) 
GW-02 598.72 1838.17 0.58 22.2 1.34 39.6 55.95 57.33 
GW-03 586.4 1892.81 0.18 28.7 1.78 58.0 50.77 59.30 
GW-04  
(n=5)** 
1373.28 
(1301.82-1442.60) 
2519.48 
(2472.9-2578.9) 
1.38 
(1.31-1.46) 
14.5 
(8.2-19.6) 
1.28 
(0.84-1.74) 
21.3 
(12.2-34.0) 
1348.62  
(1317.6-1381.6) 
123.95 
(117.54-125.85) 
GW-05  
(n=7)** 
1389.64 
(1135.28-1688.63) 
4360.88 
(4052.7-4665.3) 
0.77 
(0.25-0.99) 
14.1 
(2.8-23.5) 
1.98 
(0.83-3.99) 
12.3 
(3.4-19.2) 
775.91 
(705.4-814.6) 
96.61 
(93.03-104.23) 
GW-06 769.53 2225.4 1.06 4.7 0.94 11.5 60.24 77.17 
GW-07 768.77 2169.26 1.04 4.9 0.91 12.2 60.64 76.07 
GW-08 55.26 219.87 1.06 3.5 <0.09 9.0 18.44 20.25 
GW-09 56.66 225.88 1.18 2.9 <0.09 12.2 18.59 22.11 
GW-10 54.18 228.69 1.01 2.3 <0.09 6.5 18.77 21.81 
GW-11 78.12 352.57 0.22 11.7 <0.09 8.4 24.44 15.08 
GW-12 79.98 385.7 1.10 14.3 <0.09 8.1 25.27 15.66 
GW-13 78.79 382.72 1.57 47.9 <0.09 8.6 23.53 14.36 
GW-14 79.51 384.13 1.70 82.0 <0.09 20.9 23.02 14.23 
GW-15 1116.03 4320.83 2.03 5.0 0.10 7.9 767.4 94.30 
GW-16 1134.83 4421.32 2.18 7.8 <0.09 4.3 798.4 93.11 
GW-17  
(n=2)** 
48.82 
(48.72-48.93) 
190.03 
(188.04-192.02) 
0.85 
(0.71-0.99) 
3.1 
(1.6-4.6) 
2.27 
(1.64-2.91) 
9.6 
(5.1-14.1) 
17.96 
(17.70-18.23) 
20.89 
(19.90-21.88) 
Tap water (LP-EC-#)  
TW-01 610.53 1931.89 0.59 21.7 1.44 54.7 51.81 59.18 
Note: N/E not established; a typical level in drinking water is unlikely to cause a health concern; b occurs in drinking water at concentrations well below that reported for health concerns. 
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Note: Note: The unit for total arsenic (AsT) is µg/l; *water samples used for washing and cooking of foodstuffs; EC- 
Eduardo Castex; GW – ground water; TW – tap water. 
 
Figure 3.5 The percentage contribution of arsenite (iAs
III
), arsenate (iAs
V
), 
monomethylarsonic acid (MA
V
) and dimethylarsinic acid (DMA
V
) to the total 
arsenic (AsT; µg/l) levels in each sample collected from central-north region of 
the La Pampa province, Argentina. 
 
However, Smedley et al. (2002) and Farnfield (2012) reported that iAs
V
 was the main arsenic 
species for groundwater samples. This indicates that the distribution of arsenic species may 
not be uniform within this study region (due to variations in the redox conditions at the time 
of sampling). It may be explained by changes in Eh and pH within the aquifer which results in 
large variations in the distribution of the arsenic species found within the different wells. This 
may also be related to the well depth, the type of abstraction system for groundwater and the 
storage facility (tank or reservoir). Another possible reason is due to the presence of high 
levels of salt in these groundwaters and the methods used to collect, storage/preserve the 
sample before chemical analysis for the As species in such waters (refer to section 6.2, 
Chapter 6). Apart from that, a previous study also reported high and variable levels of As and 
other trace elements over short distances within the Chaco-Pampean plain. It was suggested 
that this was due to the restricted groundwater flow and poor mixing in the shallow levels of 
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the wells as a result of the low permeability within the loess sediments (Bundschuh et al., 
2004; Nicolli et al., 2010). As such, based on this data, a high percentage of iAs could 
potentially affect the human health of farm residents, especially those who consume the As-
contaminated groundwaters for drinking purposes (O‘Reilly, 2010; Farnfield, 2012; 
McClintock et al., 2012; Al Rawahi, 2016). 
Overall, organic arsenic was detected in replicates of 1 groundwater sample. The percentage 
of MA
V 
(29 – 32 %) was found to be higher than DMAV (< 4%). Interestingly, those 
groundwater samples that have a higher level of iAs
V
 were also found to contain a higher 
percentage of MA
V
. The high portion of organic As in these samples could related to the 
microbial activity that has been reported to enhance the methylation of inorganic arsenic 
(Smedley & Kinniburgh, 2002). A previous study has also reported a similar pattern for 
organoarsenical species, although the percentage for MA
V
 ( 5% O‘Reilly, (2010); (5-15%: 
Farnfield (2012) was found to be lower than that for the present study. In contrast, Al Rawahi 
(2016) found up to 46 % of the total arsenic level (AsT) was MA
V
. The arsenic (total and 
species) levels for a tap water (LP-EC-TW-01J) collected at a particular farm in this study 
were found to be similar to that for groundwater (LP-EC-GW-01A). This could be explained 
by the source of the tap water being the same as that abstracted from a local well. This 
confirmed that many of the farm residences use local groundwater for drinking, with a pipe 
transferring the water from the storage tank to the house. 
In contrast, the analysis of untreated raw water has successfully reduced the concentration of 
arsenic to less than 10 µg/l As via using reverse osmosis systems. The raw water originates 
from a mixture of urban groundwater containing 43 µg/l AsT  (extracted at depths of 18 
metres; WT-EC-01) and domestic supplies from rio Colorado (9.38 µg/l AsT; WT-EC-02). 
After two-stages of reverse osmosis (RO), the concentration of arsenic was substantially 
reduced to as low as 0.39 µg/l AsT (WT-EC-02). However, the treated RO water was 
subsequently mixed with the domestic supply from Río Colorado (tank; WT-EC-05) in order 
to adjust the drinking water to an acceptable taste before it could be distributed to the 
customers (2.17 g/l AsT, WT-EC-06). Although the RO phase can remove the inorganic 
arsenic species, such treated water is only available within urban communities. This implies 
that rural areas are still being exposed to untreated, high As (and other trace element) 
drinking water (refer to appendix C7.1 for details). In the case of the As species, the treated 
water contained only slightly higher iAs
V
 than iAs
III
 levels with the percentage recovery 
being close to 100%. Interestingly, other oxyanions, namely Mo, V and U, also showed a 
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reduction when compared to the original raw water samples (see Appendix C7.2 for details). 
Such observations have also been reported by O‘Reilly (2010) and Farnfield (2012) (see 
Appendix C7.2 for details), where the water treatment plants in La Pampa (Eduardo Castex 
and Ingeniero Luiggi) using a reverse-osmosis process have efficiently removed As (total and 
species).  
 Mo, V and other trace elements 3.3.4
The Mo levels in the water varied across all samples; ranged over 17.70 – 1381.66 µg/l Mo 
for ground and tap waters. As such, 4 out of 17 wells contained Mo levels > 700 µg/l Mo 
which stand one magnitude order higher than the former WHO health-based drinking-water 
guideline (WHO, 2011b). In addition, all of the farm waters are not fit for use in terms of the 
irrigation of crops, as the levels are higher than 10 µg/l Mo (the limit set for plants grown on 
contaminated soils; FAO, 1994). The maximum Mo levels found in groundwater of central-
north La Pampa in the present study were higher than the values reported by other 
researchers, although they showed as well great degree of variability among samples; 2.7 – 
990 µg/l Mo (Smedley et al., 2002), 0.31 – 1037 µg/l Mo (O‘Reilly et al., 2010) and 0.2 – 
1251 µg/l Mo (Al Rawahi, 2016). 
On the other hand, the levels of V in all groundwater samples (range: 190.0 - 4655.3 µg/l V) 
were higher than 50 µg/l V, the notification suggested by California‘s Department of Public 
Health (Wright & Belitz, 2010). Higher levels of V found in this study supported the data of 
previous studies in the central-northern region of La Pampa; 20 – 5400 µg/l V (Smedley et 
al., 2002), 110 - 1571 µg/l V (Farnfield, 2012) and 41 - 5243 µg/l V (Al Rawahi, 2016). 
Interestingly, the highest V level occurred in sample LP-EC-GW-04, which also had the 
highest As level for groundwaters (1689 µg/l As). 
In terms of the other trace elements, uranium was found at high concentrations in 
groundwaters (14.23 – 125.85 µg/l U), where 53 % of the wells exceed the provisional 
guideline value of 30 µg/l set by the WHO (2011a). Thus, the consumption of this 
groundwater could be a major pathway of uranium intake if this source of water were used as 
drinking water. This data is in agreement with the previous studies that have also reported 
elevated uranium levels in the groundwaters of Eduardo Castex and other parts of La Pampa; 
6.2 – 250 µg/l U (Smedley et al., 2002), 0.001 to 129 µg/l U (Farnfield, 2012) and 0.09 – 250 
µg/l U (Al Rawahi, 2016). Meanwhile, the concentrations of Mn, Fe, Cu and Zn were far 
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below the permissible concentration recommended by the World Health Organisation for 
drinking water (Graham, 1999; WHO, 2011a). 
 Southern Buenos Aires 3.4
Buenos Aires is the largest province in Argentina and is part of southern end of the Chaco-
Pampean plain. This region is characterised by a temperate climate with an average annual 
rainfall of 1000 mm in the north-east to 350 mm in the south-west. About 37 % of the total 
population (15.6 million) in this province are supplied with groundwater, with 87 % (267000 
km
2
) of the total provincial area (307000 km
2
) containing As levels above 50 µg/l As (the 
former Argentinean guideline for drinking water). The rest of the population are supplied 
with surface water from the Paraná and De la Plata rivers. However, only 9 % of the total 
population of the province are living in the As-contaminated region. The majority areas of the 
province are suitable for crops and natural pastures (Auge, 2014). The present study area lies 
in the southern part of Buenos Aires province, starting from the border between the La Pampa 
province and Buenos Aires, LP-BA (3805S, 6321W) towards San Germán (3818S, 
6258W) on ruta national 35 (Figure 3.3). 
 Sample locations 3.4.1
A total of 30 groundwater samples, including rural and urban locations, were collected from 
the southern region of Buenos Aires province. The main sampling locations are shown in 
Figure 3.3 while the details information for each site is in Appendix C1. Rural groundwater 
samples were collected from farm wells alongside ruta 35 between the border of LP-BA to 
the community of San German (n=24). In addition, urban groundwater samples were 
collected within the town of San Germán (n=5). The groundwaters are mainly used for 
human consumption, irrigation of crops (grass, corn, cereals) and for the watering of 
livestock. At these sites groundwater was pumped via an underground pipe to the house 
either by windmills or an electrical (some cases) powered pump, stored in the tank for 
irrigation of the garden and for household usage during the daytime. In the evening, the same 
distribution network pumped treated water (basic reverse-osmosis) to the houses of San 
German (during a specific 3 hour period) and stored in the household tank for domestic uses. 
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 Physico-chemical parameters 3.4.2
The groundwater samples collected from southern Buenos Aires (BA) province have neutral 
to alkaline pH (7.05 - 8.84), under a mild oxidising environment (mean: 60 mV). Only one 
sample from the rural area had a low redox potential (Eh), 16 mV whilst the rest have values 
≥ 30 mV. The groundwaters from these rural areas have higher levels of total dissolved solid 
(TDS) and electrical conductivity (EC) than that recorded for urban groundwaters (Figure 
3.7). The data in the present study are comparable to that reported for a previous study in the 
same region (see Table 3.7). In a study in the southwestern region of Buenos Aires, Campána 
& Airasca (2014) observed a similar range of groundwaters pH values of 6.78 – 8.65, n=53 
(based on wells over 5 - 40 m depth) but with a larger variation of electrical conductivity 
values (770 – 5450 µS/cm). In another study in the southern Pampa Plains of Argentina 
(Bahía Blanca district), the electrical conductivity levels of groundwater samples (n=63) 
ranged from 3000 µS/cm up to 8090 µS/cm (Paoloni et al., 2009). In the north-western region 
of the province, specifically within the Pergamino River watershed, Galindo et al. (2007) 
reported data (pH: 6 - 7.86, EC: 800 – 2200 µS/cm and TDS: 288 -1148 mg/l) which were in 
agreement with the present study. Both studies have shown that higher levels of EC exist 
through Buenos Aires province. In contrast, the tap waters (n=13) of the Federal Capital area 
of Buenos Aires, namely Moron, had pH levels (7.16-7.65), with low EC (309-767 µS/cm) 
and TDS values (153-383 mg/l), but high potential redox levels (Eh: 287-653 mV) (Al 
Rawahi, 2016) when compared to the groundwater samples from the present and other studies 
in Buenos Aires. 
 
Table 3.7 The mean (and range) of pH, electrical conductivity (EC), total dissolved solid 
(TDS), redox potential (Eh) values for all samples collected from the southern 
region of Buenos Aires province, Argentina. 
 
Type of water n pH EC (µS/cm) TDS (mg/l) Eh (mV) 
Rural groundwaters (BA-#) 
Present study 
GW 01-24
#
 
24 7.80  
(7.05-8.84) 
1620  
(1072-2018) 
824  
(553-1043) 
60.17  
(16-111) 
Al Rawahi (2016) 17 (7.05-8.84) (1248- 2018) (553- 1043) (16-111) 
Urban groundwaters (BA-SG-#) 
Present study 
GW 01-06 
6 7.85  
(7.75-7.92) 
1215  
(1166-1233) 
601  
(555-625) 
120  
(102-146) 
Al Rawahi (2016) 11 (7.42-8.22) (1166-1412) (555-709) (50-146) 
 
Chapter 3: Arsenic and Other Trace Elements in Argentine Natural Water 
108 
 
 Arsenic: total and speciation 3.4.3
The total arsenic (AsT) levels for rural and urban groundwater samples were 4 to 19 times 
higher than the levels allowed by the WHO (2011a) and CAA (2012) for As-safe 
concentrations (10 µg/l As) in drinking water (Table 3.8). Among all samples analysed, 57 % 
surpassed the irrigation limits for agricultural land (100 µg/l AsT). In addition, only one 
sample (BA-GW-14) had AsT levels more than 150 µg/l AsT, which is the guideline level 
indicating a chronic toxicity limit for bovine (Campána & Airasca, 2014). The concentration 
of AsT in the present study fits well with other reported groundwater studies in Buenos Aires; 
10 - 173.10 µg/l AsT (Paoloni et al., 2009), 15 – 267 µg/l AsT (Campána & Airasca, 2014), 28 
- 191 µg/l AsT (Ward et al., 2014); 40.85 - 173.10 µg/l AsT (Al Rawahi, 2016) and 19 – 117 
µg/l AsT (Margarita et al., 2017) in south/south-western and north-western regions of the 
province.  
In terms of As speciation, the groundwaters from this region have mainly inorganic As forms 
(arsenite: 0.24 - 101.63 µg/l; arsenate: 0.43 – 112.8 µg/l), with 54 % of total rural and 100% 
of total the urban groundwaters being the arsenate species, iAs
V 
(Figure 3.6). This is in 
agreement with studies by  Ward et al. (2014), who found the concentration of iAs
V  
in 
groundwaters
 
(11.8 – 155 µg/l) were higher than the arsenite species, iAsIII (6.5 – 145 µg/l). 
In contrast, Al Rawahi (2016) reported that 75 % of the rural groundwaters were 
predominantly iAs
III
, and the urban waters were found to have similar species to the present 
study (iAs
V
). Another study investigated the use of surface water from Miramar, Mar del Sur 
and Otamendi (which are located in the south-eastern region of Buenos Aires) for tap and 
public water systems (Robles, 2014). These samples also have iAs
V
 at consistently higher 
levels than that for iAs
III
, despite the low levels of As in the waters (up to 38.8 µg/l).  
In addition, a few sampling locations have recorded a higher fraction of organic arsenic, 
mainly in the form of MA
V
 (0.2 – 33.6 %) compared to DMAV (0.1 – 8.4%). In addition, a 
few sampling locations have recorded a higher fraction of organic arsenic, mainly in the form 
of MA
V
 (0.2 – 33.6 %) compared to DMAV (0.1 – 8.4%). In order to explain the divergences 
among the results obtained for different studies in the same province, it must be pointed out 
that the arsenic distribution (total and species) is highly dependent on the physical chemical 
parameter (pH, Eh, TDS and EC) and chemical composition of the water samples (Fe, Mn) 
but also sample depth and local weather regime as suggested by Paoloni et al. (2009), Ward 
et al. (2014) and Al Rawahi (2016). 
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Table 3.8 Concentration of total arsenic and other trace elements (µg/l) in the samples 
collected from central-northern of La Pampa during 2014 - 2016. Regulatory 
guidelines for drinking water are provided for the World Health Organisation 
(WHO) and Código Alimentario Argentino (CAA). Data are reported as mean 
(and range) for samples that collected more than one replicate due to 
difference in collection time/season (n>1)**. 
 
Sample code 
Concentration (µg/l)   
AsT V  Mn Fe Cu Zn Mo  U 
WHO (2011a) 10 N/E
a
 N/E
a
 N/E
a
 2000 3000 N/E
b
 30 
CAA (2012) 10 N/E 100 300 2000 5000 N/E N/E 
Rural groundwaters (BA-#)   
GW-01 118.53 570.88 0.78 5.1 1.79 2.2 52.95 12.79 
GW-02 122.90 579.74 0.66 0.7 1.84 2.9 52.90 20.49 
GW-03 82.34 96.31 2.10 85.9 6.7 27.2 32.81 2.92 
GW-04 74.91 244.37 0.35 1.3 0.52 4.6 21.11 15.91 
GW-05 110.72 536.63 1.12 2.3 0.87 4.4 55.55 2.20 
GW-06 118.96 488.41 1.67 12.0 11.63 7 52.95 14.65 
GW-07 117.26 476.72 0.94 8.0 2.28 6.9 37.24 18.19 
GW-08 107.01 503.65 0.64 3.0 1.02 4.3 47.82 2.28 
GW-09 89.91 304.8 0.42 5.4 0.47 2.4 18.99 18.20 
GW-10 119.27 571.48 0.69 3.3 1.13 14 50.66 20.71 
GW-11 61.65 473.71 1.44 84.8 1.31 5.2 50.28 1.08 
GW-12 91.89 174.60 1.08 96.0 11.04 24.9 52.32 5.82 
GW-13 74.51 246.37 0.46 1.2 0.75 50.2 16.73 4.52 
GW-14 189.4 693.25 1.42 25.7 6.58 15.4 42.63 21.59 
GW-15 39.60 189.43 14.32 235.6 4.72 50.8 22.43 6.68 
GW-16 111.8 449.35 0.29 9.4 15.39 12.2 26.03 13.42 
GW-17 104.57 407.56 0.04 4.3 10.56 10.7 28.19 9.93 
GW-18 106.58 454.76 0.12 7.8 10.07 11.1 31.97 14.28 
GW-19 109.87 440.30 0.46 7.0 3.11 5.3 47.96 13.78 
GW-20 112.80 453.04 0.56 9.7 3.46 5.2 49.83 13.88 
GW-21 70.77 248.79 5.92 76.4 1.38 16.4 18.12 16.03 
GW-22 59.07 230.68 8.75 456.3 2.59 111.7 4.61 13.9 
GW-23 69.11 213.02 0.78 2.8 0.83 11.1 15.93 0.56 
GW-24 82.29 130.22 2.88 104.3 6.22 34.4 15.29 4.03 
Urban groundwaters (BA-SG-#)   
GW-25 102.28 395.59 0.39 2.8 0.88 14.7 38.99 0.30 
GW-26 103.10 422.46 0.37 6.9 1.29 28.2 11.34 6.87 
GW-27 115.67 455.96 0.22 40.5 0.35 5.7 41.72 9.84 
GW-28 100.00 340.41 0.83 3.0 0.74 32.2 10.66 5.91 
GW-29 94.36 367.73 0.28 4.9 15.16 13.7 21.06 12.47 
GW-30 95.36 377.73 0.27 7.3 16.15 13.5 21.80 12.97 
Note: N/E not established; a typical level in drinking water is unlikely to cause a health concern; b occurs in drinking water at concentrations 
well below that reported for health concerns. 
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Note:  Note: The unit for total arsenic (AsT) is µg/l; *water samples used for washing and cooking of foodstuffs; EC-  
Eduardo Castex; GW – ground waters; TW – tap waters. 
 
Figure 3.6 The percentage contribution of arsenite (iAs
III
), arsenate (iAs
V
), 
monomethylarsonic acid (MA
V
) and dimethylarsinic acid (DMA
V
) to the total 
arsenic (AsT; µg/l) in each sample collected from southern region of Buenos 
Aires province, Argentina. 
 
 Mo, V and other trace elements 3.4.4
The concentration of Mo in the groundwaters from southern Buenos Aires ranged between 
4.61 – 55.55 µg/l Mo; all are still below the former WHO health-based drinking-water 
guideline, 70 µg/l Mo (Table 3.8). Only one (BA-GW-22) had a concentration <10 µg/l Mo, 
whilst the rest exceed the FAO guideline limit for irrigation (FAO, 1994). Most of the studies 
in Buenos Aires have only focused on As and/or F
-
 (Paoloni et al., 2009; Campána & 
Airasca, 2014; Ward et al., 2014 ; Al Rawahi, 2016; Margarita et al., 2017). A few have 
reported other elements that are geochemically linked to arsenic (Galindo et al., 2007; Al 
Rawahi, 2016). In a study done by Al Rawahi (2016), Mo levels have been reported between 
3.80 to 59.0 µg/l Mo in groundwater of southern Buenos Aires. As such, while much lower 
levels were recorded in tap waters for the town of Moron, with a range < 0.09 – 15.5 µg/l Mo. 
In another study by Galindo et al. (2007), Mo levels in groundwaters ranged from 6.7 – 106.2 
µg/l Mo; n=10; with the mean (26.3 µg/l Mo) being close to that obtained in this study (24.26 
µg/l Mo; n=30). 
AsT = 69.11  
AsT = 82.29  
AsT = 102.28 
AsT = 103.10 
AsT =  116.67 
AsT =100.00 
AsT = 94.36 
AsT = 95.36 
AsT = 118.53 
AsT = 122.90 
AsT = 82.34 
AsT = 74.91 
AsT= 110.72 
AsT = 118.96 
AsT = 117.26 
AsT  = 107.01 
AsT = 89.91 
AsT = 119.27 
AsT= 61.95 
AsT = 91.89 
AsT = 74.51 
AsT = 189.40 
AsT = 39.60 
AsT = 111.80 
AsT = 104.57 
 AsT = 106.58 
AsT = 109.87 
AsT = 112.80 
AsT = 70.77 
AsT = 59.07 
0 20 40 60 80 100 120 140 160
BA-GW-01
BA-GW-02
BA-GW-03
BA-GW-04*
BA-GW-05
BA-GW-06
BA-GW-07
BA-GW-08
BA-GW-09
BA-GW-10
BA-GW-11
BA-GW-12
BA-GW-13
BA-GW-14
BA-GW-15
BA-GW-16
BA-GW-17
BA-GW-18
BA-GW-19
BA-GW-20
BA-GW-21
BA-GW-22
BA-GW-23
BA-GW-24
BA-SG-GW-25
BA-SG-GW-26
BA-SG-GW-27*
BA-SG-GW-28
BA-SG-GW-29
BA-SG-GW-30
Percentage of arsenic species (%) 
iAs(III)
iAs(V)
MA(V)
DMA(V)
Chapter 3: Arsenic and Other Trace Elements in Argentine Natural Water 
111 
 
Vanadium on the other hand shows much higher concentrations in both groundwaters; rural 
96.31 to 693.25 µg/l V and urban 340.41 - 455.96 µg/l V. All samples exceed ≥ 50 µg/l V, 
which is the notification value recommended by the California Office of Environmental 
Health Hazard Assessment for vanadium levels (50 µg/l V) in drinking water (Wright & 
Belitz, 2010).  In addition, the majority of the groundwaters (with the exception of BA-GW-
03) in this region were not fit for crop irrigation purposes and animal consumption, as the 
high concentrations in waters (>100 µg/l V) may be toxic to plants and livestock. Al Rawahi 
(2016) reported Mo levels of 0.67 – 107.0 µg/l V for tap waters from Moron, whilst Mo 
levels ranged between 102.37 to 587.60 µg/l V for collected groundwaters. Galindo et al. 
(2007) also observed V levels between 70 – 290 µg/l V for samples from the northern-eastern 
region of Buenos Aires; data which are considerably lower than that found in this study 
(Table 3.8).  
For the other trace elements, like Mn, Fe, Cu, Zn and U, the concentrations for all 
groundwater samples were relatively low and well below the permissible guidelines for 
drinking water as recommended by the World Health Organisation, WHO (2011a) and 
Código Alimentario Argentino (CAA, 2012) (see Table 3.8). The only exception was sample 
BA-GW-22 which contains 456.26 µg/l Fe which also has a low level of As. A possible 
explanation could be due to the formation of insoluble FeH2AsO4 under oxidising 
environment, thus lowering the total dissolved arsenic concentration in this water (Ying et al., 
2012).  
 Comparison of the groundwater between all studied areas 3.5
In this section, the physical and chemical composition of the groundwater samples were 
compared between the Río Negro, La Pampa (south-eastern and central-northern) and Buenos 
Aires (southern) provinces of Argentina using a non-parametric Kruskal- Wallis H-test (see 
Appendix B4 for details). A correlation analysis study of all studied areas was performed in 
order to evaluate the relationship between arsenic and other trace element, as well as the link 
with the physico-chemical characteristics, including pH, Eh, total dissolved solids (TDS) and 
electrical conductivity (EC). Finally, the multivariate statistical analysis, namely principal 
component analysis (PCA, Appendix B4 for details), was used to unravel the association 
between sampling areas and variables (physical and chemical parameters). 
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 As and associated trace elements 3.5.1
In this study, the critical value for the a non-parametric Kruskal-Wallis H-test of four 
sampling regions in Argentina was       
  of 11.04. The groundwater samples from Alto Valle 
(control), south-eastern La Pampa (along rutas 154 and 35; SE-LP), central-northern La 
Pampa (CN-LP) and southern Buenos Aires (S-BA) were characterised by an oxidising 
condition under neutral to alkaline pH. The total dissolved solids (TDS) and electrical 
conductivity (EC) levels varied with low levels being found for the control sites whilst the 
majority of the samples from CN-LP had high values for both parameters. This was 
confirmed by statistical analysis using Kruskal-Wallis H-test that showed significant mean 
differences between the four sampling areas (where       
         
  11.04, see Appendix D1). 
The pH of groundwater samples from CN-LP were significantly different from the other 3 
sampling areas, whilst the Eh values for SE-LP and S-BA significantly differ from the control 
site and CN-LP. In this case, there was no significant difference in the mean Eh values 
between the control and CN-LP samples (      
  0.97 <       
  11.4). It was also noted that 
none of the physical parameters for the SE-LP samples have a significant difference with the 
groundwater data from S-BA (pairwise comparison for BA-SE-LP give       
  < 11.4). This 
can be explained by the similarity of the geochemistry of both sampling areas as samples 
were collected alongside ruta 35, although the samples from southern BA were collected 
between the border of La Pampa-Buenos Aires provinces towards San German (Figure 3.3). 
On the other hand, the distribution of the arsenic levels for all sampling areas differ 
significantly. The CN-LP samples have higher As levels than for SE-LP, S-BA and the 
control sites (see Figure 3.7A). The maximum concentration of arsenic in CN-LP samples 
were found to be much lower than the As levels reported for the La Pampa province (Eduardo 
Castex: >4 – 5300 µg/l AsT) by Smedley et al. (2012). In their study, the analysed 
groundwaters was predominantly Na–HCO3 type of Pampean aquifer, neutral to alkaline pH 
(7.0 – 8.7), with high levels of salinity, TDS, EC and SO4
2-
. Also, arsenate (As
V
) was found 
to be the dominant species in their groundwater samples. In contrast, the distribution of 
arsenic species in the present study were not uniform across all of the samples. The majority 
of the arsenic species in the groundwaters of the present study were mainly inorganic species. 
However, the percentage of arsenite (iAs
III
) and arsenate (iAs
V
) differ depending on the 
sampling locations. Arsenate, iAs
V 
was the predominant species in the groundwaters of Río 
Negro, Bernasconi (SE-LP) and southern Buenos Aires, whilst iAs
III 
was found to be the 
dominant form in the groundwaters of General San Martin (SE-LP) and Eduardo Castex (CN-
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LP). Based on the pH-Eh diagram (refer to Figure 1.2, section 1.1.3 in Chapter 1), the arsenic 
species in the present study for all sampling sites should be in the form of the oxyanion 
HAsO4
2-
 (iAs
V
) due to pH levels of 6.84 – 9.38. However, data for some of the sampling 
locations, especially from Eduardo Castex, do not follow this pH-Eh diagram.  
In contrast, the As species (iAs
III
 and iAs
V
) were distributed within the sampling areas which 
is possibly related to the TDS and EC levels in the water. This was confirmed by a Spearman 
correlation study between arsenic species and both physical parameters (see Appendix D2). 
Interestingly, the results showed that iAs
III
 was significantly correlated (+) with TDS (r = 
0.667) and EC (r = 0.664), but not with pH or Eh. A similar observation was found for iAs
III
 
which is present in the oxidising groundwaters, as also reported by other investigators 
studying the Chaco-Pampean aquifers (O‘Reilly et al., 2010; Lord, 2014; Al Rawahi, 2016). 
As such, this suggests that the presence of high levels of salts or other matrix components 
influences the arsenic speciation of the groundwaters, and tends to favour the presence of 
iAs
III
. Apart from any geogenic factors associated with the loess-type oxidising aquifer 
sediments, possible volcanic glass dissolution and the leaching of volcanic origin material 
may greatly enrich the levels of As in the groundwaters under alkaline conditions (Nicolli et 
al., 2010). Not only As, but other anions and oxyanions, like F, Mo, V and U, can also be 
mobilised by the dissolution of volcanic ash and contribute to the levels in groundwaters 
(Nicolli et al., 2012). As expected, significant positive correlations were observed between 
As with Mo (r = 0.795), V (r = 0.936) and U (r = 0.594) in groundwaters. However, the 
correlation between the arsenic species and anions could not be undertaken due to the small 
sample size of pooled samples.  
Other than that, As also showed a significantly weak correlation (-) with Mn (r = 0.308). As 
may be adsorbed onto Mn oxides under circumneutral pH conditions, which are hosted as 
cement or as coatings on lithic fragments in the loess sediments (Nicolli et al., 2010). 
However, As can also be mobilised by desorption from secondary oxide minerals (Al, Fe and 
Mn) in loess sediment under the high pH (>8) and oxidising conditions, thus being released 
as oxyanions (Nicolli et al., 2010). Therefore, the sorption/desorption of oxyanions from the 
metal oxide surface has been proposed to be another important factor that control the mobility 
and concentration of dissolved As and other associated oxyanions (Mo, V and U) in the 
groundwater of Argentina under semi-arid climatic conditions (Smedley et al., 2002; Nicolli 
et al., 2010). 
 
Chapter 3: Arsenic and Other Trace Elements in Argentine Natural Water 
114 
 
C o n t r o l S E - L P C N - L P S - B A
0
5 0 0
1 0 0 0
1 5 0 0
A
s
 c
o
n
c
e
n
t
r
a
t
io
n
 (

g
/l
)
L i v e s t o c k  ( F A O )
I r r i g a t i o n  ( F A O )
 W H O / C A A
A
C o n t r o l S E - L P C N - L P S - B A
0
5 0
1 0 0
8 0 0
1 0 0 0
1 2 0 0
1 4 0 0
M
o
 c
o
n
c
e
n
t
r
a
t
io
n
 (

g
/l
)
I r r i g a t i o n  ( F A O )
W H O
B
C o n t r o l S E - L P C N - L P S - B A
0
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
5 0 0 0
V
 c
o
n
c
e
n
t
r
a
t
io
n
 (

g
/l
)
N o t i f i c a t i o n  l e v e l
C
 
Figure 3.7 Comparison of the arsenic (A), Mo (B) and V (C) levels in the groundwaters 
collected from the Río Negro (control), La Pampa (south-eastern, SE-LP; 
central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces. The 
elemental guideline limits for drinking water (WHO/CAA, California‘s 
Department of Public Health), irrigation and livestock (FAO, 1994) are also 
highlighted by the different colours of the dotted lines, as shown in the 
diagram.  
 
The elevated Mo levels in the present study were found to be higher in the Eduardo Castex 
(La Pampa) area compared to other sampling sites (Figure 3.7B), with the maximum value 
(1381.6 µg/l Mo) being greater than that reported in other studies (see section 3.3.4). 
Statistical analysis using a non-parametric Kruskal-Wallis H-test showed a significant 
difference in the mean Mo values between the control and all other study regions (control-
SE-LP:       
  39.20, p < 0.01; control-BA: 26.30, p < 0.05; control-EC-LP: 49.09, P < 0.01). 
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Molybdenum levels in groundwaters were found to be significantly correlated (+) with V (r 
=0.776) and U (r = 0.464); but weakly correlated (-) with Mn (r = -0.255) and Zn (r = -0.246). 
Under pH > 7 and oxidising conditions, the dominant species is predicted to be the relatively 
unreactive tetrahedral Mo
VI
O4
2-
 ion (Smedley & Kinniburgh, 2017). 
Figure 3.7C presents the levels of vanadium in groundwaters collected from 4 different 
sampling locations. Groundwaters from the CN-LP sites were found to have the highest V 
levels, with maximum concentration of up to 4421.32 µg/l V. This value is which lower than 
the maximum level (5400 µg/l V) reported by Smedley et al. (2002) for the groundwaters of 
Eduardo Castex. Statistical analysis non-parametric test also revealed a significant difference 
between all As-contaminated area with the control sites sampling sites (control-SE-LP: 
      
  44.62,  p < 0.01; control-BA:       
 41.83, p < 0.05; control-EC-LP       
  57.08, p < 
0.01). A correlation study (Table 3.9) found a significantly strong correlation (+) with As (r = 
0.936) and Mo (r = 0.776); a fairly moderate correlation with TDS (r = 0.467) and EC (r = 
0.492); and a weak correlation (+) with Mn (r = 0.234). In such natural waters, it has been 
suggested that two common V species exist, namely, vanadate (V
V
) and vanadyl (V
IV
) which 
are both dependent on the redox status of the water. Al Rawahi and Ward (2017) reported 
that vanadate, in the form of VO2(OH)2
-
 and VO3(OH)2
2-
,
 
was the predominant species in the 
groundwaters of La Pampa and Buenos Aires provinces. As such, the vanadate species also 
showed significantly strong correlation (+) with both inorganic arsenic (mainly with iAs
III
) 
for groundwater of La Pampa.   
Uranium also follows a similar trend to that found for As, Mo and V in which the maximum 
levels in the groundwaters of CN-LP (14.23 – 125.85 µg/l U) fits well with other previous 
studies within this region (0.001 – 250 µg/l U) (Smedley et al., 2002; Farnfield, 2012; Al 
Rawahi, 2016). The uranium levels in these groundwaters show a significant correlation (+) 
with EC (r = 0.547), TDS (r = 0.594), Mo (r = 0.464), V (r = 0.593); but a weak correlation 
(+) with pH (r = 0.260). Under oxic environmental conditions and at high pH, the dissolved U 
species have been suggested to be predominantly in the form of uranyl carbonate complexes 
(UO2(CO3)2
2- 
and UO2(CO3)3
4-
, Smedley et al., 2002). 
Iron also exhibits a strong positive correlation with Mn (0.612), a fair correlation with Cu 
(rS=0.434) and a weak positive correlation with Eh (r = 0.218). In contrast, Zn was positively 
correlated to Mn (r = 0.394), Fe (r = 0.479) and ,Cu (r = 0.408), whilst weakly correlated with 
Mo (r = 0.245). The Mn and Fe levels of groundwaters could be related to the mineral 
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sources, although desorption of these cationic species is also inhibited by high pH levels 
(Smedley et al., 2002).  
Overall, As, Mo, V and U levels in groundwaters were found to be significantly correlated 
(+). This implies that all of the oxyanions originate from a common source, namely, volcanic 
ash deposits (Smedley et al., 2002). As such, no correlation was observed between As and pH 
or Eh. Moreover, all of the oxyanions (As, Mo, V and U) also showed a good positive 
relationship with TDS and EC that suggests that the influence of the matrix components in 
groundwater samples, such as salinity, may influence the distribution of the trace elements in 
these waters.  The above correlation data findings are in good agreement with that reported 
by others, who have proposed a common source of As and the associated oxyanions (like Mo, 
V and U), namely, the geochemistry of the Chaco-Pampean plain and the semi-arid climate of 
this region of Argentina (Smedley et al., 2002; Bundschuh et al., 2004; Nicolli et al., 2010; 
Farnfield, 2012; Al Rawahi, 2016). 
 
Table 3.9 Statistical correlations (Spearman) between all parameters studied for all 
groundwater sample locations. 
 
  pH COND TDS Eh As Mo Mn Fe V Cu Zn U 
pH 1.000 
  
                  
Conductivity 0.092 1.000 
 
                  
TDS 0.091 0.984** 1.000                   
Eh -0.226* -0.037 -0.045 1.000                 
As 0.048 0.431** 0.455** 0.004 1.000               
Mo 0.174 0.408** 0.419*** -0.138 0.795** 1.000             
Mn -0.054 -0.069 -0.067 -0.098 -0.308** -0.2550 1.000           
Fe 0.070 -0.152 -0.137 0.072 -0.1000 -0.0620 0.612** 1.000         
V 0.043 0.467** 0.492** -0.011 0.936** 0.776** 0.234** -0.067 1.000       
Cu -0.028 -0.067 -0.051 0.218* 0.097 0.027 0.195 0.434** 0.040 1.000     
Zn 0.104 -0.049 -0.059 0.017 -0.171 -0.245* 0.394** 0.479** -0.133 0.408** 1.000   
U 0.260* 0.547** 0.583** -0.158 0.594** 0.464** -0.135 -0.021 0.593** -0.048 -0.095 1.000 
* Correlation is significant at the P = 0.05 level (2-tailed). COND is electrical conductivity, TDS, total dissolved solids, Eh is redox potential. 
** Correlation is significant at the P = 0.01 level (2-tailed). 
 
 Principal Component Analysis (PCA) 3.5.2
Principal component analysis is widely used as an exploratory tool to study two-way array of 
environmental data (Bhattacharya et al., 2006; Felipe-Sotelo et al., 2007). This analysis 
transformed the original large data set into smaller uncorrelated principal component that 
could provide information on the most meaningful parameter with minimum loss of original 
information (see Appendix B6 for details). In this study, PCA was used to extract the 
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information about similarities or dissimilarities between sampling sites (4 sampling sites) 
based on the association with physical and chemical parameters namely pH, EC, TDS, Eh , 
As, Mo, V, Mn, Fe, Cu, Zn and U to understand their spatial distribution that responsible for 
groundwater contamination in each sampling region. Four PCs were retained based on the 
average eigenvalue > 1, which explained 77.8 % of their associated variance in the original 
data set. PC 1 was explained the most of the variance which represent by 40.76 %, while PC 
2, PC 3 and PC 4 explained 16.08 %, 11.25 %  and 9.17 % of the total variance in total data 
set, respectively. The loadings and scores of the PCs (PC1 and PC3) are plotted in Figure 3.8. 
The loading represents the distribution of the measured parameters (physical-chemical and 
trace elements) for the groundwater in this study, whilst the score represents the 
characteristics of the samples and help in understanding their spatial distribution in relation to 
the hydrochemistry of each sampling sites. Only the representation of the loading scores of 
PC1 and PC 3 was discussed as the other PC plot did not provide a clear association of the 
original variables and/or grouping of samples according to their spatial distribution. 
The grouping of the variables in each quadrant of the loading plot (Figure 3.8B) indicates the 
significant mutual correlation between the variables. For instance, As, Mo, V and U in the 
third quadrant (lower left) was located close to each other. This signifies a strong mutual 
relationship. This has confirmed by the correlation study in section 3.5.1 where these 
elements showed a statistically significant positive correlation between each other (p<0.01). 
On the other hand, as expected, total dissolved solids (TSD) and electrical conductivity (EC) 
levels are strongly correlated to each other but also with all other elements as they remain in 
diagonal position in the PC1-PC3 space. As, Mo and V were observed to have more 
significant association with the TDS and EC levels compared to other parameters. In contrast, 
the pH of the groundwater does not seem to influence any of the parameters studied although 
previous study have observed the significant association between pH and As (Smedley et al., 
2002). 
Comparing the scores (Figure 3.8A) and loading plots, it is clear that the 3
rd
 quadrant is 
dominated by samples from the central-northern region of La Pampa (class 3, CN-LP), which 
indicates a high concentration of As, Mo, V and U in the groundwater samples compared to 
the other areas. These oxyanions were commonly found in the groundwater of Argentina 
within the Chaco-Pampean plain due to the dissolution of volcanic ash in the loess sediment 
under oxidising and alkaline pH condition (Smedleyb et al., 2002; Nicolli et al., 2010). 
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Figure 3.8 Plots of PCA (A) loading (B) score for the combined data set of control (class 
1), southeastern La Pampa (class 2), central-northern La-Pampa (class 3) and 
southern Buenos Aires (class 4). 
 
On the other hand, most of south-eastern region of La Pampa (SE-LP, class 2) and southern 
Buenos Aires (S-BA, class 4) samples showed a mixed distribution that may have been 
influenced by the redox potential, Fe, Zn and Cu levels. These trace elements also found 
negatively correlated with As, Mo and V. In addition, most of the samples from both areas 
seem to be close to zero, indicating an intermediate influence from the parameter associated 
with the chemistry of the groundwaters. As such, 60% of the control samples (class 1) were 
found to be located close to SE-LP and S-BA suggesting similarities in the behaviour of the 
(A) 
(B) 
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parameters in the groundwaters. However, some samples have possibly been influenced by 
the concentration of Mn which is displayed in the fourth quadrant (lower right) of the loading 
plot. Manganese levels showed a similar behaviour to the redox potential, Fe, Zn and Cu 
levels suggesting that the change in redox potential could possibly affect the concentration of 
dissolved Mn, Fe, Zn and Cu in the groundwaters.  
It has been suggested that the dissimilarities among groundwater samples collected from the 
different regions of Argentina may be due to: (1) different mineral composition and the types 
of groundwater, (2) geochemical conditions (related to the loess sediment and soil (details 
information for the soil in the Chapter 4), (3) the dissolution of the volcanic ash layers 
(Smedley et al., 2002; Nicolli et al., 2010; Bundschuh et al., 2011). 
 Human health risk assessment  3.5.3
Since all water types are potentially to be used as a drinking water source, the health risk for 
the resident population in the study regions was assessed by comparing the individual daily 
intake of As (or other elements) in water to the oral dose reference (RfD) value set by 
USEPA (1997), known as the hazard quotient (HQ, equation 3.1). RfD is the daily chemical 
dose that has no long-term harmful health effects due to prolonged exposure of arsenic (Lee 
et al., 2005) and a regulatory limit of 0.0003 mg/kg/day (USEPA, 1998) based on the level of 
total inorganic arsenic (Table 3.10). In addition, the daily intake of As from drinking water 
was also compared to the JECFA/WHO provisional tolerable daily intake (PTDI) of 2.1 
μg/day/kg body weight (b.w.) for inorganic arsenic. If HQ > 1, this means that HQ is higher 
than the maximum acceptable oral dose of a toxic substance (RfD), thus may lead to health 
problems following the ingestion of the water. However, if the calculated HQ < 1, the risk of 
drinking the water containing these particular elements is assumed to be negligible (USEPA, 
1997).  
 
 
                   
    
   
 
Eq. 3.1 
where,     = [concentration of As in water (mg/l) x 2 litre/day]/ 70 kg of body weight 
    = oral dose reference. 
Chapter 3: Arsenic and Other Trace Elements in Argentine Natural Water 
120 
 
Although no oral reference dose values have been set for individual arsenic species, several 
previous studies have estimated the RfD values for iAs
III
, iAs
V
 and DMA
V
 based on their 
relative toxicity magnitude as reported by Markley and Herbert (2009) (Table 3.10). In the 
case of organic species, namely DMA
V
 and MA
V
, the ingestion of these species usually 
results in excretion via the urine, thus minimising the intracellular uptake of the species 
compared to the inorganic forms.  
Table 3.10 Mean Hazard Quotient (HQ) of As (total and species) calculated using standard 
and estimated reference (RfD) doses. 
 
Sampling 
location / type 
of water 
 
 
 
 
 
Mean (range) Hazard Quotient (HQ) [TDI/RfD; Equation 3.1] 
AsT AsT iAs
V  iAsIII  iAsIII DMAV 
AsT/RfD 
RfD for 
AsT:  
0.0003 
(mg/kg/day) 
 
AsT/PTDI 
PTDI: 2.1 
(μg/day/kg 
b.w.) 
 
 
iAsV/RfD 
RfD equivalent 
to AsT: 0.0003 
(mg/kg/day) 
 
 
iAsIII/RfD 
RfD for 
iAsIII: 
0.0003  
(mg/kg/day) 
iAsIII/RfD 
est. RfD:  
6E-06 
(mg/kg/day) 
 
 
DMAV/RfD 
est. RfD:  
0.03 
(mg/kg/day) 
 
 
Control  
Surface water 
 
0.16  
(0.10-0.23) 
0.02  
(0.02-0.03) 
0.06 
(0.01-0.09) 
0.05  
(0.01-0.11) 
2.60  
(0.50-5.65) 
0.002  
(0.002-0.003) 
Tap Water 
 
0.39  
(0.11-2.64) 
0.06  
(0.02-0.38) 
0.20  
(0.03-1.36) 
0.03  
(0.01-0.07) 
1.71  
(0.46-3.42) 
0.006  
(0.002-0.036) 
Groundwater 
 
0.88 
(0.10-3.68) 
0.13  
(0.01-0.53) 
0.46  
(0.02-1.39) 
0.11  
(0.05-0.22) 
5.49  
(2.59-11.07) 
0.015  
(0.002-0.050) 
Rain water 
 
0.22  
(0.19-0.24) 
0.03  
(0.027-0.035) 
0.21  
(0.21-0.22) 
0.05  
(0.05-0.06) 
2.66  
(2.35-2.98) 
0.0038  
(0.0035-0.0042) 
South-eastern La Pampa (SE-LP) 
Tap Water 
 
2.43  
(1.02-3.22) 
0.35  
(0.15-0.46) 
0.19 
 
1.93 
 
96.67 
 
0.0002 
 
Groundwater 
 
9.56  
(0.64-27.69) 
1.37  
(0.09-3.96) 
4.31  
(0.10-12.21) 
8.41  
(0.08-21.10) 
420.54  
(4.07-1055.2) 
0.0013  
(0.001-0.0035) 
Central-northern La Pampa (CN-LP) 
Tap Water 58.15 8.31 19.74 26.31 1315.70 0.004 
Groundwater 
 
75.02  
(4.62-160.8) 
10.72  
(0.66-22.97) 
13.32  
(0.08-21.21) 
49.17  
(0.14-113.8) 
2458.36  
(7.01-5688.2) 
0.004  
(0.001-0.009) 
Southern Buenos Aires (S-BA) 
Groundwater 
 
9.39  
(3.77-18.04) 
1.34  
(0.54-2.58) 
5.50  
(0.04-10.75) 
2.40  
(0.02-9.68) 
119.77  
(1.13-483.9) 
0.0012 
(5E-05-0.0066) 
Note: est – estimated based on toxicity magnitude; PTDI - provisional tolerable daily intake; iAsIII - arsenite; iAsV - arsenate; DMAV – 
dimethylarsinic acid. 
 
Table 3.1 clearly shows that most of the water types from the control sites have negligible 
(HQ < 1) or lower health implications when this water is used as a drinking water source. 
This is especially true when the data is compared to that for the other study regions in La 
Pampa and southern-Buenos Aires. In addition, the lower As levels in water (< 10 µg/l with 
the highest being 27.7 µg/l As) for the control sites still do not exceed the WHO provisional 
tolerable daily intake (PTDI) value of 2.1 μg/day/kg. This suggests that there is no potential 
health hazard due to the water consumption from the control region of Río Negro. As 
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expected, the populations that may drink the water from these wells in La Pampa, especially 
near Eduado Castex, are significantly at risk as the majority of the groundwaters have HQ 
values more than 50 for AsT and exceed the PTDI value by up to 23 times. The arsenic 
species in these groundwaters not only have high HQ values, but are dominated by the most 
toxic inorganic species, iAs
III 
with the HQ value as high as 5688, based on the estimation of 
the oral reference dose of 6.0E-06. Similarly, the hazard quotient for the south-east region 
also follows the same trend as for central-northern La Pampa. However, a much lower level 
of As risk exists at these sites. In contrast, although the inhabitants from southern Buenos 
Aires were potentially exposed to inorganic arsenic (at similar levels in south-eastern La 
Pampa), they are exposed to more iAs
V
 when compared to iAs
III
. In this study, the 
contribution of HQ from the estimated DMA
V 
data were found to be less than 1
 
compared to 
the inorganic As species. Therefore, the populations in the three As-contaminated study 
regions are at risk if they use the untreated local groundwater as their main drinking water 
source or for food preparation (refer to Chapter 5). 
On the other hand, the hazard quotient for the other trace elements is depicted in Table 3.11. 
Since Mo has no carcinogenic effect on living organisms (based on the database of 
International Agency for Research on Cancer and USEPA), a value of 0.005 mg/kg/day was 
used as the RfD value in assessing the risk (Geng et al., 2014). Only two sites of CN-LP (LP-
EC-GW 04-05) have recorded HQ values of more than 1, whilst the other study regions do 
not show any effects when the residents consumed this local drinking water. Interestingly, V 
also has higher hazard quotients greater than 1 for most of the samples from the three As-
contaminated sites. This suggests a potential health effect for vanadium, as has been 
discussed above for As. Moreover, the inhabitants in Eduardo Castex (CN-LP) could also be 
possibly exposed to uranium although the HQ values are just higher than 1 (Table 3.11). Data 
for the other trace elements (Mn, Fe, Cu, Zn; Table 3.11) produced HQ value less than 1.   
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Table 3.11 Mean Hazard Quotient (HQ) of the other trace elements calculated using standard reference (RfD) doses, (USEPA, 1998). 
 
Sampling 
location / Type 
of water 
Mean (range) Hazard Quotient (HQ) [TDI/RfD; Equation 3.1] 
Mo 
RfD:0.005 
Mn 
RfD:0.24 
Fe 
RfD:0.7 
V 
RfD:0.005 
Cu  
RfD:0.04 
Zn 
RfD:0.3 
U  
RfD:0.003 
Control 
Surface water 0.01 
(0.0003-0.03) 
0.06  
(1.0E-3-0.29) 
0.0004 
(2.0E-05-6.0E-4) 
0.02  
(0.004-0.03) 
0.0005 
(4.0E-5-0.001) 
0.0004 
(1.0E-5-0.001) 
0.0005 
(1.0E-5-0.02) 
Tap Water 0.004  
(0.0003-0.01) 
0.001 
(0.001-0.004) 
0.0002 
(1.0E-5-4.0E-4) 
0.07  
(0.01-0.57) 
0.02 
(1.0E-3-0.09) 
0.001 
(1.0E-3-0.01) 
0.02 
(1.0E-0.01) 
Groundwater 0.02  
(0.0003-0.16) 
0.05  
(0.001-0.13) 
0.0009 
(2.0E-5-0.003) 
0.14  
(0.10-0.74) 
0.002  
(4.0E-5-0.006) 
0.002 
(1.0E-5-0.003) 
0.004 
(1.0E-5-0.03) 
Rain water 0.002 
(0.001-0.002) 
0.002 
(0.002) 
0.0003 
(2.0E-4-0.0003) 
0.04  
(0.03-0.04) 
0.002 
(0.002) 
0.098  
(0.08-0.11) 
0.0004 
(3.9E-4-4.3E-4) 
South-eastern La Pampa 
Tap Water 0.04  
(2.0E-04-0.07) 
0.002 
(2.0E-05-0.005) 
3.2E-05  
(2.0E-6-8.9E-05) 
0.58  
(2.8E-4-1.08) 
0.006 
(1.4E-5-8.7E-4) 
0.003 
(0.0007-0.02) 
0.35  
(0.15-0.46) 
Groundwater 0.14  
(0.001-0.29) 
0.007 
(0.0001-0.07) 
0.008 
(2.0E-06-0.05) 
2.63  
(0.29-7.28) 
0.003 
(6.4E-5-0.01) 
0.006 
(9.4E-05-0.06) 
1.37  
(0.09-3.96) 
Central-northern La Pampa  
Tap Water 0.30 0.001 0.001 11.04 0.001 0.01 0.56 
Groundwater 2.25  
(0.10-7.90) 
0.001 
(1.0E-4-0.003) 
5.9E-4  
(2.0E-5-0.003) 
11.72  
(1.07-26.66) 
0.0009 
(1.0E-5-0.003) 
0.002 
(3.0E-4-0.006) 
0.64  
(0.14-1.20) 
Southern Buenos Aires 
Groundwater 0.19 
(0.03-0.32) 
0.002 
(4.0E-5-0.02) 
0.002 
(3.0E-5-0.02) 
2.20  
(0.55-3.96) 
0.003 
(0.0003-0.12) 
0.002 
(0.0002-0.11) 
0.10  
(0.003-0.21) 
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 Summary  3.6
This study evaluated the levels of arsenic (total and species), along with other important trace 
elements, in natural water samples collected from control sites (río Colorado and río Negro), 
south-eastern La Pampa (SE-LP), central-northern La Pampa CN-LP) and southern Buenos 
Aires (S-LP) provinces, Argentina. The samples included surface, tap, ground and rain 
waters, collected from: 
 Control sites: within the Alto Valle (Río Negro) and río Colorado river; 
 south-eastern La Pampa (SE-LP), tap and ground (or farm well) water samples were 
collected along ruta national 154 and ruta 154 – ruta 35 towards General San Martín. 
In addition, groundwater samples (rural and urban) were taken from farms in 
southern Buenos Aires and the township of San Germán; and 
 central-northern La Pampa groundwaters collected from farms south of Eduardo 
Castex. These samples were used in the washing and cooking of foodstuffs (Chapter 
5). 
The surface waters, rain waters and the majority of tap and groundwaters collected from the 
control sites were below 10 µg/l As, which is the guideline for drinking water as 
recommended by the World Health Organisation (2011) and Código Alimentario Argentino 
(CAA, 2012). In contrast, all of the groundwater samples from the other areas exceeded this 
guideline limit with the total arsenic levels in the order: CN-LP > SE-LP > S-BA. The 
maximum total As level was 1348.6 10 µg/l AsT. Although the As levels were in  a good 
agreement with those published in previous studies, Smedley et al. (2002) found a maximum 
value of 5300 µg/l AsT for groundwater samples. About 56% -76 % of groundwaters in La 
Pampa province can be considered to not be fit for irrigation of farmland (100 µg/l As). 
Moreover, a few groundwaters surpassed the maximum recommendation limit for the 
watering of livestock (200 µg/l As). The central-northern region of La Pampa had 47% of the 
well waters exceeding this limit (FAO, 1994). In terms of the field-based speciation method 
used in this research (Watts et al., 2010), it was found that for the natural waters the main As 
species were inorganic forms (40 – 100 %), although organic species, namely MAV and 
DMA
V
, were also detected. The distribution of the various As species differed for all of the 
groundwaters; arsenate (iAs
V
) was predominant in natural waters collected from the río 
Negro and the southern Buenos Aires province, whilst arsenite (iAs
III
) was dominant in the 
samples from SE-LP and CN-LP. The data reported in this study for the distribution of 
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inorganic species found in La Pampa agrees with the previous findings of O‘Reilly et al. 
(2010), Ward et al. (2014) and Al Rawahi (2016). In contrast, Smedley et al. (2002) and  
Farnfield (2012) reported iAs
V
 as the predominant species in these groundwaters. This 
indicates that the complexity of the groundwater chemistry and the matrix components (salts) 
present in such waters may have influenced the distribution of arsenic species. It must be 
noted that the matrix effects from anions have significantly influenced the performance of the 
SPE cartridge. This may explain some of the variation in the percentage recovery of the 
arsenic species using this field-based method.  
Molybdenum levels  in groundwaters also varied significantly across the sampling locations. 
In CN-LP, 24 % of analysed wells (n=17) were found to contain concentrations > 700 µg/l 
Mo, where the maximum concentration was 1348.62 µg/l Mo. However, the majority of 
water samples from control sites had concentrations < 10 µg/l Mo. As such, the groundwater 
samples from SE-LP and S-B were mostly below the former WHO health-based drinking-
water guideline, 70 µg/l Mo (2011b). Like arsenic, vanadium was found to exist at high 
concentrations in groundwaters, with the range of values at each sampling site following the 
pattern reported for arsenic, namely; CN-LP > SE-LP > S-BA > control. 
Almost all groundwater samples from SE-LP, S-BA, and CN-L exceeded the notification 
levels suggested by the California Department of Public Health (Wright & Belitz, 2010), as 
well as the new guideline of 140 μg/l V for drinking water proposed by the Italian Ministry of 
Health. The maximum V level detected in the present study was 4360.8 µg/l V, detected in a 
groundwater from CN-LP. Higher levels of V in drinking waters may potentially have an 
adverse effect on human health if these naturally ‗contaminated‘ groundwaters were 
primarily used for drinking water. This statement is supported by a study that revealed that 
vanadium in La Pampa is mainly in the form of vanadate (V
V
) which has been classified as 
possibly carcinogenic to humans - Group 2B (IARC 2006).  
On the other hand, 53 % of farm wells from CN-LP (n= 17), and one sample from SE-LP, 
exceeded the WHO (2011a) limit for drinking water, 30 µg/l U. The control sites had 
significantly lower U levels when compared to the other sampling sites. For Mn, Fe, Cu and 
Zn, the concentrations in groundwaters were still within the permissible levels for drinking 
water, as suggested by World Health Organisation in 2011.  
A Spearman correlation study showed that statistically significant positive correlations exist 
between As and the main oxyanions associated with Mo, V and U. This finding suggests that 
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all of these elements have a common source. Other studies have suggested that the enhanced 
dissolution of volcanic ashes and alkaline pH conditions of the aquifers found in these 
regions of Argentina, may explain the specific trace elements (and levels) found in these farm 
well waters (Smedley et al., 2002). Although there was no correlation between As and pH, 
the elevated levels of these elements could also be derived from the mineral source 
(secondary Fe and Mn oxides) due to the desorption processes under alkaline pH conditions 
(Smedley et al., 2002; Nicolli et al., 2010). This supports the data of this study, namely, the 
significantly weak correlation between As-Mn, Mo-Mn, V-Mn, and Fe-Mn. In addition, TDS 
and EC levels were also found to have a strong significantly positive correlation to As, Mo, V 
and U levels, which indicates that the matrix components (salts) may influence the 
concentration of these trace elements in the groundwaters.  
Principal component analysis was used to evaluate the spatial distribution of the trace 
elements (loading plot) that was characterised by each of the sampling locations (score plot). 
The combination of PC1 and 3 separated the sampling locations based on the acquired 
physical and chemical data of the groundwaters. The PC findings support the data from the 
correlation study where As was shown to have a similar behaviour to Mo, V, and U, 
especially for the samples collected from the CN-LP region. The TDS and EC levels were 
also found in the left side of the PC plots (Figure 3.12) suggesting that this two factor may 
influence the concentrations of As, Mo, V and U in groundwaters. However, the right 
quadrant of the PC plot was more influenced by Eh, Fe, Zn and Cu levels as shown by the 
class 2 (SE-LP) and class 4 (S-BA) data. The class 2 and class 4 data were not well separated, 
suggesting that a mixture of the spatial distributions among the water samples. The 
explanation for this was the location of the samples collected along ruta 35 (La Pampa) which 
may have similar geochemical characteristics.  
Significantly high hazard quotient values (HQ > 1) were found for residents in the La Pampa 
province, especially for Eduardo Castex (with the average HQ values up to 75, Table 3.10), 
when compared to the residents in the control sites (HQ: 0.10 – 3.68). The daily intake of As 
in drinking water from this As-contaminated areas were also higher than the WHO 
provisional tolerable intake value of 2.1 μg As/day/kg. This indicates that the inhabitants 
from La Pampa may potentially be at risk of developing arsenic-associated diseases. Apart 
from As, the residents in La Pampa were also exposed to the high levels of vanadium, with 
the calculated hazard quotient (HQ values up to 26.7). In addition, the concentration of this 
element was found to be consistently higher than that for arsenic in the waters. Interestingly, 
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a few groundwater samples from central-northern La Pampa also have significant HQ values 
(> 1) for Mo and U in drinking water. However, if the residents in this region consumed the 
treated reverse osmosis water, the impact of As and other potential toxic elements to the 
human health could be reduced as the water treatment has successfully removed these trace 
elements to safe levels. Nevertheless, the access to treated water may be limited to only urban 
residents. 
In conclusion, groundwater samples (untreated) especially from the Eduardo Castex 
farmlands (La Pampa) were found to be highly enriched with As, Mo, V and U, and also have 
increased EC and TDS values. More importantly, the presence and distribution of the various 
As species found in these groundwaters were mainly in the most toxic forms (inorganic 
arsenite and arsenate). Thus, people who consume drinking water (e.g; 2 litres per day) from 
these farm wells may have a greater risk of exposure to the chronic effects of As. In previous, 
the arsenic-associated health problem has already been seen in three villages of northern 
Argentina (San Antonio de los Cobres and Taco Pozzo) and in parts of the province of 
Cordoba (Castro de Esparza, 2009). Furthermore, this present study also highlight the 
presence of high well water levels of V, Mo and U for drinking water which need further 
investigation, especially in terms of local human health status.  
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 Introduction 4.0
The aim of this chapter is to evaluate the arsenic and other trace element relationships 
between the three environmental media, namely, waters, plants and soils from the four study 
regions (control sites, southern Buenos Aires and La Pampa province) in Argentina as 
described in Chapter 3. This is important as more than 50 % of the groundwaters in La Pampa 
province (Chapter 3) contained As levels that were not fit for irrigation purposes (100 µg/l 
As; FAO 1994). In addition, the main agricultural activities of La Pampa require extensive 
surface irrigation, which is undertaken by flooding or the use of large mechanical booms 
(spray irrigation) (O‘Reilly, 2010). Thus, the use of As-contaminated groundwater for 
irrigation could lead to an elevation in the As levels (and other associated elements like Mo, 
V) of surface soils (grassland/agricultural land) and terrestrial plants. Moreover, the trace 
elements from the groundwater also could deposit on the plant as the well water is dispersed 
over the agricultural land. Furthermore, the ingestion of As-accumulated plants or crops from 
contaminated irrigation land may transfer the arsenic to humans or be incorporated into 
forage for livestock (Bundschuh et al., 2012).  
Several studies in the Pampean regions of Argentina have reported the arsenic levels of 
surface soils that ranged between 2.3 – 32.1 mg/kg As d.w. These levels will depend on the 
soil types, and other light or heavy minerals in the sand fraction of the soil (Lavado et al., 
2004; Blanco et al., 2006; O‘Reilly, 2010; Díaz et al., 2016). In addition, elevated levels of 
arsenic were found in soils (4.6 – 24.6 mg/kg d.w.) that were located close to groundwater 
storage tanks that have raised levels of As in the well water (O‘Reilly, 2010). However, these 
studies did not include an estimation of the possible accumulation of As by plants/crops 
associated with these As-contaminated soils. As such, some studies in other parts of Latin 
America  have confirmed the uptake of As by crops that were grown on contaminated 
agricultural land that had been irrigated by As-contaminated irrigation water (Bundschuh et 
al., 2012). To date, only a limited amount of data has been reported on the transfer of arsenic 
in waters, soils and plants, especially within the Chaco-Pampean plain of Argentina. 
Moreover, no study has looked at As and other trace elements (Mo, V, Fe, Mn, Sb, etc) 
associated with the dissolution of volcanic ashes, throughout these environmental 
compartments.  
Therefore, in this study pasture plants (leaves and roots) and their corresponding soils 
(attached directly to the plants) were collected within the close proximity of groundwater 
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storage tanks or from a field where there had been clear evidence of the use of groundwaters 
crops/pasture irrigation. Arsenic, Mo, V, Mn, Fe, Cu and Zn (total) levels were determined by 
ICP-MS following muffle furnace digestion (see section 2.3.5) and open hotplate digestion 
(see section 2.4.3) for both plant parts and soils, respectively. In addition, soil pH was 
measured using a 1:2.5 soil:water ratio, w/v) (section 2.4.2) as it has been reported to 
influence the mobility of trace elements in soils (Shaheen et al., 2017). Moreover, the BCR 
soil sequential extraction procedure (refer to section 2.4.4 for details) was also evaluated, 
since the mobility and availability of these trace elements to plants generally depends on their 
binding form in the soils (Sungur et al., 2014). Furthermore, the transfer of trace elements 
from the roots to the leaves was also estimated by calculating a translocation factor 
(Chojnacka et al., 2005). Then, a statistical bivariate correlation (see Appendix B6) was 
undertaken between individual trace elements in plants-waters and plants-soils (including 
plants - the exchangeable soil fraction) so as to evaluate the relationship between the two 
variables.  
 Study sites 4.1
The plant and soil samples were collected from the study regions associated with water 
samples, as described in Chapter 3 (see sub-sections 3.1 to 3.4 for details of sampling 
location). The leaves and roots of plant samples were collected from control sites (leaves, 
n=9; roots, n=7), south-eastern La Pampa (leaves, n=36; roots, n=16), central-northern La 
Pampa (leaves, n=25; roots, n=12) and southern Buenos Aires (leaves, n=8; roots, n=6). In 
addition, a total of 122 soil samples were also collected from these study regions (control, 
n=10; south-eastern La Pampa, n=62; central-northern La Pampa, n=26, southern Buenos 
Aires, n=24) that correspond to the plants and surface/groundwater samples. It should be 
noted that in some cases, only the leaves were available for plant sampling. In the case of soil 
samples, some of the locations did not have obvious agricultural activity at the time of 
sampling.  
 Plants 4.2
 Total arsenic in the plant parts 4.2.1
Figure 4.1 reports the concentration of arsenic in the leaves and roots of plant material 
collected from the La Pampa province and control areas (Río Colorado and Río Negro). 
Overall, the arsenic levels in both plant parts from the south-eastern (SE-LP) and central 
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northern (CN-LP) regions of La Pampa and southern corner of Buenos Aires (S-BA) 
province were found to be higher than the levels found in the plants from the control sites 
(Figure 4.1). This suggests that low levels of arsenic accumulation has taken place in the 
control plant samples when compared to the As-contaminated areas of the studied regions. 
However, 50 % of the pasture leaves (n=10) collected at the control sites were found to be 
slightly higher than the reported As levels associated with grasses (0.28 – 0.33 mg/kg As 
d.w.) grown in uncontaminated soils (Kabata-Pendias, 2011). The reason for this could 
possibly be due to the As levels in the parent materials of the soil or the deposition of dust 
particles containing arsenic on the leaf surfaces of plants (Bundschuh et al., 2012). The mean 
arsenic concentration of plant leaves for each of the study regions were: 0.30 mg/kg d.w. 
(range: 0.11 - 0.50 mg/kg d.w.) for control sites, 1.16 mg/kg d.w. (range: 0.04 - 4.17 mg/kg 
d.w.) covering the SE-LP region, 1.05 mg/kg d.w. (range: 0.04 – 3.04 mg/kg d.w.) for the 
CN-LP region and 0.98 mg/kg d.w. (range: 0.18 – 3.24 mg/kg d.w.) within the S-BA sites, 
respectively. The mean arsenic plant levels for all sites were significantly higher than the 
typical ‗natural‘ plant As levels (0.15 mg/kg d.w.; range: 0.009 – 1.5 mg/kg As d.w) reported 
by Ward (2000). In contrast, the mean As levels were found to be 1.8 to 3.5 times higher in 
roots compared to the plant leaves. This result suggests that there is preferential accumulation 
of As in the roots compared to the leaf parts, which is common for most plants as the 
absorption of trace elements by the root system tends to limit the translocation of the element 
to the above ground tissues (shoot or leaves) (Jedynak etal., 2009; Moreno-jiménez et al., 
2012; Kar et al., 2013; Bergqvist et al., 2014). In addition, the uptake of an element by roots 
may differ between plant species as it is directly influenced by the dissolved chemical forms 
in the soil solution (ionic, chelated, complexed), soil pH, the presence of the other ions, the 
redox potential and temperature (Ward, 2000; Jia, et al., 2012).  
In relation to the present study, the variation in As uptake by plants depended on the distance 
from the storage tank (typically < 1 meter) and also the type of plant. For instance, the plant 
samples collected at site LP-GSM-GW-03 (south-eastern region of La Pampa) showed a 
variation in the As content (0.37 – 4.17 mg/kg d.w.) for four different types of plant species 
(grasses). Interestingly, the plants that were collected within the proximity of a groundwater 
storage tank (containing 313 µg/l As in the well water) were found to contain high As levels 
compared to the plants located at a distance from the tank. This may suggest that either the 
plants near the tank were watered directly by the As-contaminated well water or were 
affected by water leaking from the tank, thereby enhancing the As levels in the soils 
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(O‘Reilly, 2010). In such plants, the arsenic has not only been taken up by the roots but has 
also been translocated to the plant leaves. In another Chaco-Pampean region, namely, the 
Cordoba province of Argentina, a natural forage or alfalfa (Medicago sativa) has been 
reported to contain 0.1 to 1.5 mg/kg As d.w. (n=20) (Pérez-Carrera et al., 2016). The arsenic 
levels in the majority of the forage samples (94 %) were less than 1 mg/kg As d.w. 
Interestingly, 44 – 57 % of the samples from the SE-LP and CN-LP sampling regions in the 
present study have plant As levels greater than 1 mg/kg As d.w. Although the concentration 
of the water in the Pérez-Carrera et al. (2016) study contained up to 2.2 mg/l As, the 
production of forage was not irrigated with these As-contaminated waters, hence the low As 
uptake by the plants. However, another study in Comarca Lagunera, Mexico reported up to 3 
mg/kg d.w. As in alfalfa and corn silage that had been grown in a medium arsenic-
contaminated field (11 – 30 mg/kg As d.w.) and irrigated using As-contaminated 
groundwater containing 0.49 - 0.74 mg/l As (Rosas et., 1999). The results of the present study 
are supported by the data and observations of this Mexican study, especially for the plants 
collected from the As-contaminated area of La Pampa (SE-LP and CN-LP). In addition, 
much higher As levels were found in alfalfa plants that had been grown in the Lluta valley, 
Chile due to irrigation of the agricultural land with high As- contaminated groundwater (0.2 -
1.3 mg/l As) (Bundschuh et al., 2012). Therefore, the arsenic levels of the irrigation water 
could be one of the factors that might affect the uptake of As by plants in the present study. 
Further statistical analysis between the water and the plant leaves will be discussed in section 
4.4. 
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Figure 4.1 Comparison of the As levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from the Río Negro (control), La Pampa (south-eastern, SE-
LP; central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces.  
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 Total Mo, V and other trace elements in the leaves 4.2.2
In the case of molybdenum, the mean concentrations in the pasture leaves collected from 
control sites (1.15 mg/kg Mo d.w.) were found to be lower than those sampled in the SE-LP 
(6.84 mg/kg Mo d.w.), CN-LP (5.84 mg/kg Mo d.w.) and S-BA regions (3.81 mg/kg Mo 
d.w.). Although Mo is an essential element, and is needed for several enzymes involving 
nitrogen fixation, it is only required at low levels where the critical deficiency level is 0.1 
mg/kg Mo d.w. (Kabata-Pendias, 2011). However, Mo can be toxic to livestock even at low 
concentrations of Mo (1.5 - 5 mg/kg d.w) in fodder plants, thus the concentration should be 
less than 1 mg/kg d.w. which is the normal level found in plants grown on non-contaminated 
agricultural land (Kabata-Pendias, 2011). The typical concentration of Mo for ‗normal‘ plants 
ranges between 0.03 to 8 mg/kg Mo d.w. (or mean: 0.3 mg/kg d.w.) when grown on non-
contaminated soils (Ward, 2000).  
In this study, about 95 % of the total plant leaves (n=78, all studied areas) contained Mo 
levels higher than 1 mg/kg d.w., especially when grown near to the groundwater storage tank. 
Surprisingly, 16 % of the plant leaves collected from the SE-LP and CN-LP sampling sites 
have levels > 10 mg/kg Mo (grasses). The highest concentration was observed in pasture 
plants from SE-LP with a Mo level of 76 mg/kg d.w. (Figure 4.2a). Therefore, some of these 
plants may be considered to not be fit for livestock as they could potentially produce Mo 
toxic symptoms (Kabata-Pendias, 2011). The reason for the high availability of Mo in such 
plants could be due to the high soil pH. As such, plant uptake of Mo under neutral to alkaline 
pH soil conditions, may also be influenced by the local soil chemistry (Avci, 2013). The 
concentration of Mo in the plant roots (Figure 4.4b) were not always higher than the leaves, 
suggesting the translocation of Mo from root to the above ground material may only occur for 
some of the plants at specific areas.  
In addition, the plant leaves exhibited a mean V concentration (mg/kg d.w.) of 1.30 (range: 
0.44 – 2.97), 5.64 (range: 0.34 – 22.30), 4.73 (range: 0.35 – 16.42) and 5.64 (range: 0.67 – 
20.67) for the control, SE-LP, CN-LP and S-BA sampling sites, respectively. Some of the 
leaves in the present study (Figure 4.3a) had higher levels than the typical ‗natural‘ levels 
found in plants or plants foodstuffs, 0.1 - 2.5 mg/kg d.w. V (Ward, 2000). However, the 
toxicity of V to plants varied significantly depending on the plant species, the V levels in the 
soils and environmental conditions (land use) (Teng et al., 2011). For instance, the inhibition 
of plant growth was observed when the concentration of V in agricultural soils reached 103 – 
133 mg/kg d.w. (Xiao et al., 2012) for cabbage, and 197 and 247 mg/kg d.w. for rape plants 
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(Tian et al., 2015). The absorption of V primarily occurs in the root of the plants (Figure 
4.3b) since most of the plant samples showed higher V levels in the roots (0.50 – 39.71 
mg/kg d.w., irrespective of the study regions) compared to the leaves. This is in agreement 
with the previous study on the V levels of the roots of alfalfa (Yang et al., 2011), cabbages 
(Xiao et al., 2012), rape plants (Tian et al., 2015) and soybeans (Yang et al., 2017). The 
absorption of V in the root system was suggested to be due to the precipitation (as CaVO3), 
complexation with organic compounds or species reduction. As such the authors stated that 
further investigations were needed to verify the mechanism of plant tolerance to V in the root 
system (Yang et al., 2017). 
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Figure 4.2 Comparison of the Mo levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from Río Negro (control), La Pampa (south-eastern, SE-LP; 
central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces.  
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Figure 4.3 Comparison of the V levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from the Río Negro (control), La Pampa (south-eastern, SE-
LP; central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces.  
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The mean levels of Mn (mg/kg d.w.) in the plant leaves were slightly different between the 
As-contaminated areas as can be observed in Figure 4.4a; 41.08 (range: 13.40 – 78.36), 50.13 
(range: 14.66 – 115.26), 49.72 (range: 20.82 – 108.55) for SE, CN-LP and S-BA, 
respectively. On the other hand, the average Mn levels in the roots were quite similar 
between CN-LP (41.36 mg/kg d.w.) and S-BA (40.07 mg/kg d.w.) with a little difference 
observed in SE-LP (56.56 mg/kg d.w.). Interestingly, the plants from the control sites have 
the highest concentrations of Mn in both parts, with the greater absorption in the roots (mean: 
73.76 mg/kg d.w, range: 45.84 – 122.20 mg/kg d.w.) compared to the leaves (mean: 103.73 
mg/kg d.w, range: 61.63 – 189.80 mg/kg d.w.) (Figure 4.4). Such higher Mn levels in plants 
could be linked to the irrigation water which is at least two times higher than the limit for 
irrigation (100 µg/l Mn; FAO, 1994). However, the manganese levels (as per the other 
elements) found in both plant roots and leaves collected from all sampling areas were still 
within the levels for plants that have been grown in uncontaminated soils, namely, 20 – 240 
mg/kg Mn d.w. (Ward, 2000) and for grasses, 17 - 334 mg/kg (Kabata-Pendias, 2011). None 
of the samples exceeded the maximum toxic levels established for plants at 400 mg/kg Mn 
d.w. (Kabata-Pendias, 2011).  
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Figure 4.4 Comparison of the Mn levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from the Río Negro (control), La Pampa (south-eastern, SE-
LP; central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces. 
 
The mean Fe levels for plant leaves for each of the study sites were; 412 mg/kg Fe d.w. 
(control), 782 mg/kg Fe d.w. (SE-LP), 665 mg/kg Fe d.w. (CN-LP) and 335 mg/kg Fe d.w. 
The mean Fe levels observed in roots were; 1198 mg/kg d.w., 1051 mg/kg d.w., 614 mg/kg 
d.w., 693 mg/kg d.w. for control, SE-LP, CN-LP and S-BA, respectively. However, as shown 
in Figure 4.5, the concentration of Fe varies in the different plant parts and in relation to 
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sampling sites, with the highest levels being 2638 mg/kg Fe d.w. for the leaves (SE-LP) and 
2499 mg/kg Fe d.w. for the roots (S-BA).  
Previous reports have indicated that plants grown in uncontaminated soils have levels 
normally in the range 30 - 920 mg/kg Fe d.w., depending on the soil condition, climate and 
the stage of the plant growth (Ward, 2000; Kabata-Pendias, 2011). Fodder plants generally 
contain natural iron levels between 18 – 1000 mg/kg Fe d.w., but forage with concentrations 
of 50 - 100 mg/kg d.w. Fe is adequate to feed livestock (Kabata-Pendias, 2011). In the 
present study, 15 % of leaves (n=78) and 36 % of the roots contained iron levels of more than 
1000 mg/kg, which would suggest that iron uptake is strongly influenced by the levels in 
soils. These high levels of iron could possibly lead to iron toxicity in the cattle that may be 
grazing on these pastures (Oruç et al., 2009).  
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Figure 4.5 Comparison of the iron levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from the Río Negro (control), La Pampa (south-eastern, SE-
LP; central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces.  
 
Interestingly, the observed mean concentration of copper in plant leaves was higher in 
samples from the control area (5.54 mg/kg Cu d.w.), compared to SE-LP (4.85 mg/kg Cu 
d.w.), CN-LP (2.95 mg/kg d.w. Cu) and (4.75 mg/kg Cu d.w.) S-BA (Figure 4.6a). However, 
this trend was not observed in the roots (Figure 4.6b), where the mean concentration 
increased following the sequence; CN-LP (2.4 mg/kg Cu d.w.), S-BA (4.28 mg/kg Cu d.w.), 
control (4.29 mg/kg d.w.) and SE-LP (6. 72 mg/kg Cu d.w.). However, the Cu levels in both 
plant parts are within the range of 1 – 12 mg/kg Cu, reported for unpolluted plants (Ward, 
2000). The only exception to this was one root sample from S-BA (14.5 mg/kg Cu d.w.) and 
SE-LP (21.04 mg/kg Cu d.w.), which were approaching the level set as the upper ‗normal‘ 
range limit of 20 mg/kg Cu d.w (Kabata-Pendias, 2011). In a separate study in the Córdoba 
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province of Argentina, Moscuzza et al. (2012) reported Cu levels in alfalfa (Medicago sativa) 
ranging between 8.5 and 15.2 mg/kg, which are slightly higher than the concentrations found 
in the present study. The authors proposed that the higher Cu concentrations were due to the 
use of organic fertilisers containing Fe, Se, I, Mn, Co, Cu, and Zn. The results presented here 
are in agreement with Lavado (2006), who found 3.8 mg/kg Cu d.w in grass and 6.6 mg/kg 
Cu in pasture, both from rural non-contaminated areas of Buenos Aires, far from cities and 
dense traffic. 
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Figure 4.6 Comparison of the copper levels in pasture plant (a) leaves (n=78) and (b) 
roots (n=41) collected from Río Negro (control), La Pampa (south-eastern, 
SE-LP; central-northern, CN-LP) and southern Buenos Aires (S-BA) 
provinces.  
 
The mean Zn levels of plant leaves in each of the study sites were; 34.13 mg/kg d.w., 106.44 
mg/kg d.w., 102.63 mg/kg d.w. and 39.24 mg/kg d.w. for control, SE-LP, CN-LP and S-BA, 
respectively (Figure 4.7a). The average Zn levels in the roots of plants collected from control 
(60.17 mg/kg Zn d.w.), SE-LP (144.60 mg/kg Zn d.w.) and CN-LP sites (187.65 mg/kg Zn 
d.w.) were found to be higher than for S-BA (34.78 mg/kg Zn d.w.) (Figure 4.7b). Overall, 
41% of the plant leaves samples (n=78) and 51 % of the roots (n=41) were higher than the 
typical Zn levels reported by Ward (2000) and Kabata-Pendias (2011) of < 60 mg/kg Zn d.w. 
for grasses from unpolluted areas. A previous study in the rural areas of Córdoba (Argentina) 
found 20.2 – 37.3 mg/kg Zn d.w. in alfalfa (Moscuzza et al., 2012), whilst another 
investigation in urban Buenos Aires reported Zn levels of grass and pasture of 35.7 – 42.5 
mg/kg d.w. and 27.7 – 32.4 mg/kg d.w., respectively (Lavado, 2006). Both studies reported 
lower Zn levels in plants compared to the mean values observed for plants growing in the 
control and La Pampa (SE-LP and CN-LP) sites of the present work. Additionally, the 
maximum level of 1933.6 mg/kg Zn d.w., found in one of the plant leaves from SE-LP site, 
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exceeded the maximum permitted limit for pasture, 500 mg/kg Zn d.w. as suggested by 
National Research Council (2005). 
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Figure 4.7 Comparison of the zinc levels in pasture plant (a) leaves (n=78) and (b) roots 
(n=41) collected from Río Negro (control), La Pampa (south-eastern, SE-LP; 
central-northern, CN-LP) and southern Buenos Aires (S-BA) provinces.  
 
 Translocation factor of roots to leaves 4.2.3
A translocation factor (TF) was calculated based on the formula [TF = Cleaves/Croots], where 
Cleaves is the elemental concentration in the leaves (mg/kg d.w.) and Croots is the elemental 
concentration in the roots (mg/kg d.w.) (Ma et al., 2017). This factor represents the ability of 
the plant to transfer a trace element from the roots to the above ground tissues, which in this 
case was the leaves. A TF value > 1 indicates that the plant has efficiently transferred a trace 
element from the roots to the aerial parts namely, stems/shoots, leaves, flowers, seeds, etc. 
Table 4.1 lists the range of TF values for the plants collected from the control, SE-LP, CN-LP 
and S-BA areas. In this study, only plant samples that had both root and leaf sub-samples 
were considered for the TF calculations. For the control sites, plant samples had values of TF 
> 1 for Mo, Cu and Zn. On the other hand, 13 – 19 % of the samples collected from SE-LP 
showed TF values higher than 1 for As, V, Fe and Zn, whilst 38 – 56 % of the plants had TF 
values over 1 for Mo, Mn and Cu. The samples from CN-LP seemed to have followed the 
same trend as plants from SE-LP regarding their capability to translocate the trace elements 
from roots to leaves. However, the plants collected from S-BA show high accumulation of 
Mo and Cu in the leaves compared to the other elements studied.  
A low TF value (< 1) indicated the preference of a plant to accumulate a specific trace 
element in the roots compared to the leaves. The restriction of the transference of a trace 
element from the roots to the leaves could be due to the formation of a buffer zone at the root 
surface, especially due to the presence of high Fe levels (Liu et al., 2015). Apart from that, 
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other chemical reactions, such as precipitation, complexation, reduction that take place 
around the plant roots, may also contributed to the low elemental concentration in the leaves 
than the roots. However, the translocation of As from roots to leaves was observed for the 
plant samples that were collected from the As-contaminated areas of La Pampa (TF > 1, 
Table 4.1). This enrichment of a trace element in the leaves may be due to the environmental 
conditions of the study areas (eg, high levels in water and/or soil, climate), soil properties 
(e.g, pH, organic matter, electrochemical properties of the elements), plant physiology (e.g, 
species, growth stage, surface area), the mobility and availability of trace elements (including 
species), the existence of complexing ligands (for cations), competing ions (e.g, phosphate) 
and any possible interaction between elements (synergym or antagonism) in the soil (Kabata-
Pendias, 2011). In addition, the upward distribution of a trace element to the above-ground 
tissues may also be a defence mechanism by the plant to self-protect their physiological 
functions during oxidative stress (Liu et al., 2015).  
 
Table 4.1 The range of translocation factors (TF) for 41 plants (leaf/root pairs) collected 
from the four different study areas. The number in the bracket represents the 
number of samples that have a TFleaves/roots > 1.  
 
Sample Translocation from root to leaves (TFleaves/roots) 
As Mo V Mn Fe Cu Zn 
Control 
(n=7) 
0.2-0.8 
(0) 
1.7-3.5 
(7) 
0.2-0.9 
(0) 
0.6-1.0 
(0) 
0.1-0.8 
(0) 
1.1-2.4 
(7) 
0.4-1.1 
(1) 
SE-LP 
(n=16) 
0.1-1.6 
(3) 
0.4-6.9 
(9) 
0.6-4.2 
(3) 
0.3-3.0 
(6) 
0.1-3.7 
(2) 
0.2-1.9 
(7) 
0.2-1.6 
(2) 
CN-LP 
(n=12) 
0.1-1.2 
(2) 
0.2-4.2 
(10) 
0.2-4.2 
(3) 
0.6-4.0 
(6) 
0.1-1.4 
(4) 
0.5-1.7 
(8) 
0.1-2.6 
(2) 
S-BA 
(n=6) 
0.4-5.5 
(3) 
0.8-4.6 
(5) 
0.4-4.6 
(3) 
0.8-2.7 
(4) 
0.5-5.1 
(2) 
0.4-3.4 
(4) 
0.3-4.9 
(2) 
 
Furthermore, the enrichment could also be due to particle deposition onto the plant leaves 
from the ash fall of recent volcanic activity (see section 3.2 for details) or agricultural 
activities (soil cultivation). Throughout La Pampa and Patagonia, during the summer months 
(December to March) excessive winds cause dust clouds of surface soils to be spread over 
various distances. This can lead to the enrichment of plant surfaces, especially flat leaved 
‗weeds‘ found in many of the pastures of La Pampa.  However, it must be noted that the 
collected pasture samples in the present study were not washed prior the dry digestion to 
represent the original state of the pasture for animal consumption. Therefore, the dust 
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contribution to leaf concentrations was not undertaken as suggested in the study reported by 
Joy et al. (2015). 
 Soils 4.3
 Soil pH 4.3.1
The pH of the soil samples from the control area ranged from 7.81 to 9.73 (mean; 8.63). In 
contrast, the soil samples from La Pampa showed higher variability in the pH values across 
the studied regions (Figure 4.8): 6.27 - 10.30 in south-eastern (mean: 8.24) and 6.37 - 10.29 
in central-north (mean: 9.07). Similarly, the pH of the soil from southern Buenos Aires 
province were within the range observed for La Pampa, between 6.21 and 10.15 with a mean 
value of 8.55. Overall, the soil samples displayed alkaline pH (based on the mean pH value), 
which is common for soils in semi-arid or arid climates (Mengel & Kirkby, 2001; Micó, et 
al., 2006), although 18% of the soil samples (n = 122) presented a pH < 7. This low pH is 
ideal for soils used for agricultural purposes, in particular corn production, whilst pH > 7 was 
found in the grassland soils, areas associated with livestock grazing. The pH of soils found in 
the present study were in agreement with the previously reported studies for surface soils 
from San Juan (6.7 – 8.8 ) and La Pampa (6.5 – 9.1) provinces in Argentina (O‘Reilly, 2010).  
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Figure 4.8 Comparison of the pH of soils from control (Río Colorado and Río Negro), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA) provinces.  
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 Arsenic in soils 4.3.2
 Total arsenic in soils  4.3.2.1
Overall, the total arsenic concentrations in surface soils from La Pampa (SE-LP and CN-LP) 
and Buenos Aires provinces (S-BA) were found to be higher than for the control sites (Figure 
4.9). The arsenic levels in the soils (d.w.) ranged over 4.11 – 9.09 mg/kg, 5.19 – 42.81 
mg/kg, 6.2 – 37.25 mg/kg and 7.76 – 12.12 mg/kg for the control, SE-LP, CN-LP and S-BA 
areas, respectively. The concentrations in all the soil samples from the areas with As-
contaminated groundwaters (> 10 µg/l As) were higher than the threshold value of 5 mg/kg 
d.w. As for agricultural land (Figure 4.9) as recommended by Ministry of the Environment 
Finland (2007).  
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Figure 4.9 Comparison of the soil As levels from control (Río Colorado and Río Negro), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA) provinces. The threshold value (Ministry of the 
Environment Finland, 2007), lower and upper maximum allowable 
concentration (MAC) also provided for agriculture soil (Kabata-Pendias, 
2011). 
 
However, some countries in South America, like Argentina, may have naturally higher 
arsenic levels in the soil background, especially within the Chaco-Pampean plain region due 
to the composition of the Quaternary loess deposits which primarily originate from volcanic 
activity (Smedley et al., 2005; Blanco et al., 2006; O‘Reilly, 2010). Therefore, the mean 
arsenic level of 5.73 mg/kg d.w. for surface soils collected from the control sites could be 
used as a baseline or a threshold concentration for As-contaminated soil in La Pampa and 
Buenos Aires in this study. The present threshold value (5.73 mg/kg d.w. As) was higher than 
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the arsenic background reported by Lavado et al. (2004) for Pampean soil (2.3 - < 3 mg/kg 
d.w) but slightly lower than the mean As levels in soils from other parts in the World (6.83 
mg/kg As d.w.) (Kabata-Pendias, 2011). The low As levels in the surface soils of the control 
region matched with the low As levels found in the groundwaters (section 3.1.3 for details). 
In contrast, the majority of As levels in the surface soils of the contaminated regions (SE-LP, 
CN-LP and S-BA) exceeded the threshold value set at the control area, with only 3% of the 
SE-LP and 11% of the CN-LP samples within the maximum allowable limits for agricultural 
soils (15 – 20 mg/kg As d.w.). Interestingly, a higher level of As was found in surface soils 
from SE-LP and CN-LP that exceeded the upper MAC and Argentinean limits for 
agricultural soils, > 20 mg/kg d.w. (Kabata-Pendias, 2011). The high As levels in loess-
derived soils may be attributed to the deposits of very fine sand, silt and clay particles, which 
contain significant amounts of volcanic glass (Smedley et al., 2005; Nicolli et al., 2010). 
Apart from that, other primary constituents in the light (feldspars, plagioclase and rocks 
fragments) and heavy (amphibole, pyroxene, olivine, magnetite, pyrite and rock fragments) 
sand fractions (50 -2000 µm) have been suggested to be another source of As (up to 29 mg/kg 
As). Previous studies on the surface soils of La Pampa and San Juan provinces have reported 
As levels (d.w.) of 4.6 – 24.6 mg/kg (mean: 8.7 mg/kg As, n=17) and 5.76 – 34.5 mg/kg 
(18.9 mg/kg As, n=4), respectively (O‘Reilly, 2010). In a separate study in the Cordoba 
province, much lower As levels were found in soils from dairy farms (n=20), which 
contained 2.1 – 8.2 with a mean value of 4.2 mg/kg As d.w. (Pérez-Carrera et al., 2016). 
It must be noted that an elevated arsenic soil level of 42.81 mg/kg d.w. was observed in one 
of the farms of SE-LP. This sample was taken from within 1 meter of a well water storage 
tank that contained a water As concentration of 313 µg/l. The raised As soil level at this site 
may be due to water leaking from the tank resulting in a build-up of the As  in the surface soil 
(O‘Reilly, 2010; Díaz et al., 2016). Nevertheless, none of the soils exceeded the 50 mg/kg As 
d.w. limit set for soils as an assessment of potential ecological risks (Ministry of the 
Environment Finland, 2007).  
 Soil sequential extraction for As 4.3.2.2
Sequential extraction analysis of soils can provide a realistic environmental interpretation 
of soil contamination depending on how metals are bound to the various phases in the soil. 
Stead (2002) provided an excessive review of sequential extraction or geochemical 
fractionation techniques used to assess the mobility and bioavailability of heavy metals in 
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within the soil-plant system. Moreover, Pickering (1995) claimed that the distribution 
patterns obtained from these techniques could be used to describe the mode of elemental 
binding in the soil, i.e. ion exchangeable, weakly sorbed, chemi-sorbed, complexed, etc. In 
summary, sequential extraction or fractionation of soils uses successive chemical extractants 
in a specific order to ‗extract‘ or remove those elements in a specific phase (linked to binding 
– exchangeable, bound to carbonates, Fe-Mn oxides, organics, etc) (Stead, 2002). Based on 
the improved BCR sequential extraction procedure (Rao et al., 2008; Zimmerman & 
Weindorf, 2010), the elements were operationally defined into four fractions; exchangeable 
(F1), iron (Fe) and manganese (Mn) oxides and hydroxides (F2), organic matter and 
sulphides (F3) and residual (F4). In this study, F4 was calculated as a difference between the 
total concentration for each element and the sum of the first three fractions [F4 = Total –  (F1 
+F2 + F3)] (Shaheen et al., 2017).  
Figure 4.10 shows the fractionation data (F1- F4) for two soil samples that contained the 
minimum and maximum levels of total arsenic in each of the sampling areas, whereas the 
mean was calculated by averaging each fraction within the same region. Overall, the majority 
of the As in the soil samples, regardless of the sampling area, was associated with the residual 
fraction F4 (> 50% As in F4), which is immobilised and tightly bound to the crystalline phase 
and mineral silicate in the soils; thus not available for plant uptake. However, for 15% and 
11% of samples from SE-LP and CN-LP, respectively, the percentage of As associated with 
F4 decreased significantly when the exchangeable fraction, F1 (23 – 82 % of total As) 
increased.  
For instance, the sample from the farm in General San Martín (LP-GSM-GW-03, SE-LP, 
shown in Figure 4.10) contained high levels of As associated with F1. This would suggest a 
high degree of mobility for As in the soil and the possible availability for plant uptake from 
the soil solution. F1 varied significantly across the sampling regions: 3.7 – 16.8% (control), 
0.3 – 82.3% (SE-LP), 0.6 – 46.3 % (CN-LP) and 1.8 – 12.1% (S-BA), expressed as 
percentage of the total As. Meanwhile, the As bound to Fe-Mn oxide/hydroxide fractions (F2, 
2.24 – 41.06%) of the soils were found to be lower than the fractions associated with organic 
matter and sulphides (F3, 4.25 – 25.92%), across all the study areas. The presence of As 
found in the F3 fraction for some of the samples could be due to either the fortuitous presence 
animal faeces on the grassland (observation during the sampling) or that these land had been 
purposely fertilised using animal manure (Moscuzza et al., 2012). A previous study reported 
high levels of organic matter (up to 12%) in soils from Eduardo Castex, La Pampa (O‘Reilly, 
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2010). The author suggested that the high As levels associated with the organic matter in the 
soils could be related to the microbial activity in the well water, that then accumulates on the 
surface soil by leaching from storage tank. However, most samples in the contaminated areas 
displayed higher levels of As associated with the F2 rather than F3 fractions, suggesting that 
the interaction between As and Fe/Mn oxides in the soil particles (through surface adsorption 
and/or complexation) controls the bioavailability of As in soils for plant uptake and not the 
organic fraction (Liu et al., 2015; Shaheen et al., 2017). 
 
 
 
Figure 4.10 Results for the BCR fractionation scheme for the soil samples as percentage of 
the total content of As, corresponding to the mean, minimum (min) and 
maximum (max) As values for each of the sampling areas; control (RN), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA) provinces.  
 
Based on the mean As level in each fraction, the fractionation sequence for the control 
samples follows the order; F4 > F3> F1> F2, whilst in the other three study areas the order is 
F4 > F1> F3 > F2. The study by O‘Reilly (2010) revealed similar trends for the relative 
content of As in fractions F4 and F1 for the soils from La Pampa. However, in this study a 
different pattern exists, namely, the opposite trend for F2 and F3. This divergence could be 
explained by the differences in the exact sampling locations as well as environmental 
conditions and use of the agricultural land. The clear differences in the fractionation pattern 
observed between control and As-contaminated areas would suggest that soils in the As-
contaminated regions may have different inputs to those of the control areas, arising for the 
soil parent materials. Mo, V and other trace elements. 
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 Total Mo, V and other trace elements 4.3.2.3
The mean (range) concentrations of Mo in soils for the control, SE-LP, CN-LP and S-BA 
areas were 1.09 mg/kg d.w. (0.62 – 1.57), 1.39 mg/kg d.w. (0.72 – 4.51), 2.60 mg/kg d.w. 
(0.86 – 8.84) and 1.96 mg/kg d.w. (0.88 – 4.62), respectively. The mean Mo levels for the 
control soils were similar to the average reported value of 1.1 mg/kg Mo d.w. (0.9 - 1.8 
mg/kg Mo d.w.) (Ward, 2000). In As-contaminated areas (SE-LP, CN-LP and S-BA), the Mo 
levels in the soils increased depending on the location of the sampling site, however, only 
19% of the soil samples from CN-LP were found to contain concentrations over the lower 
maximum allowable limit of 5 mg/kg d.w. (Figure 4.11a) for agricultural soil (Kabata-
Pendias, 2011).  
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Figure 4.11 Comparison of the soil (a) Mo and (b) V levels from control (Río Colorado 
and Río Negro), south-eastern La Pampa (SE-LP), central-northern La Pampa 
(CN-LP) and southern Buenos Aires (S-BA) provinces. The threshold value 
(Ministry of the Environment Finland, 2007), lower and upper maximum 
allowable concentrations (MAC) also provided for agriculture soil (Kabata-
Pendias, 2011). 
 
In semi-arid environments, the alkaline pH of the soil (section 4.3.1) can increase the 
availability of Mo to plants (McGrath et al., 2010; Kabata-Pendias, 2011). This is in 
agreement with Smedley et al. (2005) who found that alkaline pH loess sediments contained 
Mo levels up to 5 mg/kg d.w. for the La Pampa province (n=45) and 3.4 mg/kg Mo d.w. 
(n=54) for the Córdoba province. Such observations were also found in a study on 
Agricultural Eygptian soils with high levels of Mo, 5-12 mg/kg d.w under arid environmental 
conditions (Shaheen et al., 2017). However, much lower levels were found for soils 
originating from Germany, 4 – 7 mg/kg d.w (Shaheen et al., 2017). In contrast, Mo levels in 
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agricultural soils (0.3 – 2.4 mg/kg Mo d.w., n=17) were found to be higher than for control 
soils (0.2 – 1.2 mg/kg Mo d.w., n=25) relating to long-term irrigation with industrial and 
municipal wastewaters. This study also confirmed that higher soil pH values between 7.5 and 
8.3. Therefore, this study supports the suggestion that the mobility and availability of Mo 
could be affected by the geogenic and irrigation water, as well as soil properties like pH, 
organic matter and Fe-oxide in the soil (McGrath et al., 2010). 
The concentration of vanadium for the majority of soil samples (93% of samples) in all the 
studied regions, including the control area, was higher than the threshold value of 100 mg/kg 
V d.w. (The Ministry of the Environment Finland, 2007). For the control samples, the V 
concentration in soils ranged over 92.70 – 198.20 mg/kg V d.w. (mean: 135.93 mg/kg d.w.). 
Only one sample had a V concentration below the threshold level and 40% of the control 
samples showed V contents above 150 mg/kg V d.w.. The Ministry of the Environment 
Finland (2007) established a V concentration of 150 mg/kg d.w. as the guideline value for 
contaminated areas at ecological risk, accepting concentrations in the range 10 -115 mg/kg 
d.w. as background levels. Since the control soils from Río Negro and Río Colorado 
presented high V background levels, the maximum allowable concentration (MAC) at 150 
mg/kg d.w. defined by Ministry of the Environment Finland (2007) may not be applicable to 
the studied regions in Argentina. However, the upper guideline levels at 250 mg/kg V d.w. 
recommended by the same authority may be considered relevant to the present study for the 
assessment of ecological risk. 
In relation to the soil from the As-contaminated areas, 8%, 19% and 16% of the samples 
collected from the SE-LP (range: 75.7 – 1408.9 mg/kg d.w.), CN-LP (range: 77.0 - 268.54 
mg/kg d.w.) and S-BA sites (range: 179.5 – 281.5 mg/kg d.w.), respectively, contained V 
levels higher than 250 mg/kg d.w. Thus, this would suggest that these areas may be at 
environmental risk, especially in the case of soil LP-GSM-GW-03 that presented a V level as 
high as 1408.9 mg/kg As d.w. was found for As, this sampling site was within a 1 meter 
distance of a well water storage tank that contained high levels of As (313 µg/l) and V (1182 
µg/l). Plant collected at the same spot, showed elevated levels of V, up to 7.16 mg/kg d.w. in 
leaves and 14.48 mg/kg V d.w. in the roots, suggesting raised levels of V in the roots, 
although small amounts of the V may have transferred to the above ground tissues as reported 
by Yang et al. (2017). Such observations seem to be in agreement with Kabata-Pendias 
(2011), who reported trigger action values for V in agricultural soils over the range 100 – 340 
mg/kg V.  
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In contrast, the concentrations of manganese in soils follow a different trend compared to As, 
Mo and V (Figure 4.12a). The mean levels (d.w) of the studied regions increased according to 
the following order: CN-LP (615.3 mg/kg) < SE-LP (739.3 mg/kg) < S-BA (932.1 mg/kg) < 
control (971.5 mg/kg). These average values were found to be higher than the mean reported 
for other parts of the world, 488 mg/kg d.w. (Kabata-Pendias, 2011).    
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Figure 4.12 Comparison of the soil (a) Mn and (b) Fe levels from control (Río Colorado 
and Río Negro), south-eastern La Pampa (SE-LP), central-northern La Pampa 
(CN-LP) and southern Buenos Aires (S-BA) provinces vs. world soil average 
(reported by Kabata-Pendias, 2011). 
 
Roca et al. (2012) attempted to establish the natural background levels in soils of heavy 
metals (including Mn) using a statistical approach based on the elemental concentrations in 
agricultural soil samples at different depths from Fray Mamerto Esquiú, Argentina. They 
calculated the mean value of 608.3 mg/kg d.w. Mn with the maximum levels of 947.3 mg/kg 
d.w. for the natural background Mn concentration. Since the mean Mn level in the control 
soils of the present study fits within the Mn natural background levels suggested by Roca et 
al. (2012), the enrichment on Mn in surface soils of the As-contaminated areas in comparison 
with the control could be due to natural sources, such as the high pH (alkaline, carbonate 
presence), organic carbon, clay and accumulation of sediment in the soil surface.  
Iron showed the highest concentration among all studied elements (Figure 4.12b). Since it is 
one of the major constituents of the lithosphere, the high concentrations of Fe are likely to be 
associated with the natural background of the soil (e.g, soil process, weathering) rather than 
anthropogenic sources (Kabata-Pendias, 2011). Overall, the mean Fe concentrations in the 
present study were: 39579.3mg/kg d.w. for the control sites, 38199.8 mg/kg d.w. in SE-LP, 
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34469.6 mg/kg d.w. in CN-LP and 44020.8 mg/kg d.w. in S-BA. These sites were higher than 
the average levels reported in soils from other parts of the world (34444 mg/kg d.w.) 
(Kabata-Pendias, 2011). However, concentrations as high as 53526.4 to 54901.6 mg/kg Fe 
d.w. have been observed in soils from the control, SE-LP and CN-LP (Figure 4.12b) areas. 
Despite the high mean concentration of Fe in S-BA soils, the levels were within the range 
(20700 – 49900 mg/kg Fe d.w.) reported for soils and sediments from El Divisorio Basin 
(Buenos Aires province, Argentina; Díaz et al., 2016). At these levels both Fe and Mn may be 
not available for plant uptake as both elements are normally insoluble, in the form of oxides 
or hydroxides (Micó et al., 2006; Kabata-Pendias, 2011).  
On the other hand, the concentrations of copper in the majority of soils were found to be 
below the safe limit for agricultural activities (< 60 mg/kg Cu d.w.) (Kabata-Pendias, 2011) 
for all samples collected at the studied areas, with the exception of 8% (n=62) of the soil 
samples from SE-LP (Figure 4.13a). Among this 8%, 2 samples from Ruta 154 have levels 
within the threshold level (<100 mg/kg Cu d.w.), whilst the other 3 soil samples from LP-
GSM-GW-03 could potentially be at ecological risk, since their concentrations (261.77 – 
389.15 mg/kg Cu d.w.) exceed the MAC, 150 mg/kg Cu d.w. level (Kabata-Pendias, 2011), 
or guideline value for agricultural soils (100 mg/kg) recommended by the Ministry of the 
Environment Finland (2007). The mean levels for copper in soils (d.w.) were; 26.48 mg/kg, 
48.61 mg/kg, 26.14 mg/kg and 31.20 mg/kg for the control, SE-LP, CN-LP and S-BA sites, 
respectively. Roca et al. (2012) established the mean copper natural background as 23.7 
mg/kg d.w. (or 36.5 mg/kg d.w as the maximum level) for semi-arid agricultural soil from 
Catamarca, Argentina, which is slightly higher than the Cu levels found in the control soils in 
this investigation. In separate studies, Lavado et al. (2004) established the baseline levels of 
10 – 20 mg/kg Cu d.w. for topsoils obtained from different types of agricultural land in the 
Pampas of Buenos Aires. Moreover, Lavado (2006) found 3.66 mg/kg Cu d.w. and 16.57 
mg/kg Cu d.w. in uncontaminated grassland and pasture soils, respectively. Low levels of Cu 
in agricultural soils from Buenos Aires were also reported by Moscuzza et al. (2012), ranging 
from 7.1 to 20.4 mg/kg Cu d.w. In contrast, soils from other parts of the Chaco-Pampean 
region, including the south-east of Córdoba province have been reported to contain much 
higher levels of Cu, with concentrations over the range of 31.4 – 93.1 mg/kg d.w., whilst the 
values were lower in the soils from the centre of San Luis province, which is characterised by 
sandy and poor organic matter content (Moscuzza et al., 2012).   
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Figure 4.13 Comparison of the soil (a) Cu and (b) Zn levels from control (Río Colorado 
and Río Negro), south-eastern La Pampa (SE-LP), central-northern La Pampa 
(CN-LP) and southern Buenos Aires (S-BA) provinces. The threshold value 
(Ministry of the Environment Finland, 2007), lower and upper maximum 
allowable concentrations (MAC) also provided for agricultural soil (Kabata-
Pendias, 2011) 
 
Figure 4.13b shows that the mean concentration of Zn in soils from CN-LP (893.01 mg/kg 
d.w.) which were significantly higher than for samples collected in the control (111.40 mg/kg 
d.w.), SE-LP (201.21 mg/kg d.w.) and S-BA (273.12 mg/kg d.w.) areas. The levels of Zn in 
control soils exhibited significant levels of variability, with soils from farmlands (up to 
184.54 mg/kg d.w.) showing much higher levels than the grassland areas (up to 105.64 mg/kg 
d.w.). Such an observation was also found in the soils from La Pampa and southern Buenos 
Aires provinces, which would indicate Zn enrichment in surface soil in the farmland, 
especially from CN-LP (up to 7181.7 mg/kg Zn d.w.). Among all of the investigated soils 
(n=78), 54% were above the threshold value of 200 mg/kg Zn d.w., of which 45% could 
potentially be at ecological risk as the concentration exceeds 250 mg/kg Zn d.w. (Kabata-
Pendias, 2011; Tóth et al., 2016). 
The global baseline Zn level from agricultural soil was reported less than 50 mg/kg d.w. 
(Kabata-Pendias, 2011). However, a mean background value of 78.6 mg/kg Zn d.w. was 
established for soils from Catamarca (Argentina) suggesting that the Zn in the soil depends 
markedly on geographical factors (Roca et al., 2012). Furthermore, agricultural soils from 
Córdoba province (60.8 – 129.4 mg/kg d.w.) showed higher levels of Zn than the soil from 
Buenos Aires (31.4 – 54.2 mg/kg d.w.) and San Luis provinces (46.1 mg/kg d.w.) (Moscuzza 
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et al., 2012). The Zn levels in the present study were significantly higher when compared to 
previous studies in Argentina. Application of fertilizer may be a potential source for Zn 
enrichment in the surface agricultural soils (Moscuzza et al., 2012), although no information 
was gathered about the application of fertiliser in the farms of the present investigation. 
 Soil sequential extraction for Mo, V and other trace elements 4.3.2.4
Figure 4.14 shows that for most soil samples (96.7 % of total, n=122), the majority of Mo is 
associated with the residual fraction (F4), which amounted for 11 – 100% of the total 
molybdenum concentration in soils. In terms of the data presentation in this table, for each 
site, say RC-SW-10 the 10 samples were sequentially extracted and the min values for each 
fraction were calculated. This value for each fraction was compared with the total Mo level 
(recorded on the right) and the data is schematically shown as a % for each fraction. The only 
exceptions were 2 samples from SE-LP (LP-GSM-GW-07 and LP-GSM-GW-10), 1 sample 
from CN-LP (LP-EC-GW-04) and S-BA (BA-GW-18). This suggests that the Mo in the soil 
samples from all studied areas is mostly immobilised and not available for plant uptake, as 92 
% of samples contained only a small amount of Mo in the exchangeable form (< 5% of F1). 
However, several samples from SE-LP (n=3) and S-BA (n=1) have a higher percentage of 
Mo in the F1 fraction, representing 17 – 82% and 18%, respectively, of the total amount of 
Mo for that sampling site. Although the total Mo concentration in the soils was only 0.96 
mg/kg d.w. for LP-GSM-GW-10, 82% of the Mo may be available for plant uptake. The 
plant leaves from this location had a higher Mo level (1.68 mg/kg d.w.) compared to the soil 
where they grew, suggesting a transfer of Mo from soil to the leaves. Similar results were 
found for the other samples (SE-LP and S-BA) with a higher percentage for the F1 fraction. 
The high mobility and solubility of Mo in soil could be explained by the alkaline pH of the 
soils (Shaheen et al., 2017). In alkaline pH conditions, Mo is present as the soluble molybdate 
oxyanion (MoO4
-2
) and is associated with the carbonates in the soil (Chen et al., 2015; 
Shaheen et al., 2017). 
Moreover, Mo in soils seems to be preferentially bound to organic matter and sulphides (F3) 
compared to Fe-Mn oxide/hydroxides (F2). Low reducible fractions (F2) were observed in 
the studied soils, ranging from 0.002 to 13% of Mo associated with the F2 fraction. As such, 
the majority of the samples contained < 5% Mo in this fraction. Whilst, the oxidised fraction 
ranged between 0.004 and 75% of the total Mo concentration, with majority of the sample 
having > 20% Mo bound to F3. This suggests that the oxidisable Mo fraction is governed by 
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soil organic matter and the sulphur content. As such, an increase of both parameters may 
restrict the mobility and availability of soluble Mo in the soil. Overall, the sequence of Mo 
fractionation in the control samples follows the order; F4 > F3> F2> F1, whilst the other 
three study areas followed a similar sequence of F4 > F3> F1 > F2, based on the mean Mo 
level in each fraction.  
 
 
 
Figure 4.14 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of Mo, corresponding to the mean, minimum (min) and 
maximum (max) Mo values for each of the sampling areas; control (RN), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA). 
 
In spite of the high total V concentrations in soil, the majority of the samples (97%), V was 
strongly bound to the minerals of the solid matrix (45 – 97% total V associate to F4, Figure 
4.15) and thus non-accessible for plant uptake. This suggests that the abundance of V in soil 
was originated from geogenic sources. The rest of these samples (3%, mainly from SE-LP), 
the dominant component was the reducible fraction which accounted for 39 – 70% of total V, 
associated to the Fe-Mn oxide/hydroxides (F2).  
The available V in the soil (F1) was very limited (< 0.7 %) in the control, CN-LP and S-BA 
areas, whilst varied significantly across the SE-LP sites (0.02 – 20%). However, in the 
present study the soil with highest percentage of V associated with the F1 fraction did not 
correspond to the highest V levels in the plants. This might be explained by the fact that 
under the alkaline conditions the dominant species of vanadium is in the form of oxyanion, 
which is passively absorbed by the roots, while the cationic forms predominant under acidic 
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conditions can easily be taken up by plant (Kabata-Pendias, 2011). In addition, soils from V-
contaminated areas (SE-LP, CN-LP and S-BA) presented higher levels of V were found to be 
more associated with the reducible fraction (F2) than with the oxidisable fraction (F3). 
Interestingly, the control soils show the opposite trend. Some studies have defined the first 
three fractions of metals extracted by the modified BCR method as potentially being the 
mobile fractions (F1 –F3). As such, in relation to V levels in the F2 and F3 fractions, implies 
that this element may be desorbed from the solid phase and is therefore available for plant 
uptake, depending on soil pH and Eh (Tokalioǧlu & Kartal, 2005; Shaheen & Rinklebe, 
2014).  
 
 
 
Figure 4.15 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of V, corresponding to the mean, minimum (min) and 
maximum (max) V values for each of the sampling areas; control (RN), south-
eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and southern 
Buenos Aires (S-BA). 
 
Similarly, the high levels of manganese in soils is associated with the residual fraction (45 – 
91% of the total Mn), which reflects the high stability and low mobility phase of Mn in the 
soils (Figure 4.16). However, for about 3% of the samples (n=122) the reducible fraction (45 
– 57%) was the dominant phase, indicating a significant level of adsorption of Mn to the 
oxide or hydroxide surfaces. In addition, the available form of Mn (F1) varied across the 
studied areas, ranging from 0.04 to 26% of the total Mn content, with 83% of the soil samples 
containing < 1% of exchangeable Mn. Like V, manganese in soil binds strongly preferentially 
to Mn-Fe oxides or hydroxides, compared to the organic matter and sulphide phases. For all 
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of the studied areas the Mn fractionation pattern followed a similar sequence order: F4 > F2 > 
F1 > F3 suggesting the geogenic source and interaction with Fe oxide may play a crucial role 
in limiting the mobility of Mn in soils under the alkaline conditions. 
 
 
 
Figure 4.16 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of Mn, corresponding to the mean, minimum (min) and 
maximum (max) Mn values for each of the sampling areas; control (RN), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA). 
 
In the case of iron, for all samples more than 95% of Fe in the soil samples were in the 
residual fraction (F4, Figure 4.17). Therefore, Fe may not be available for plant or organism 
uptake even at high concentrations found in these soils. This was also confirmed by the very 
low levels of Fe associated with the exchangeable fraction, ranging 0.001 to 0.08 % of the 
total Fe concentration. Iron also shows a strong association with the oxide and hydroxide (F2) 
fraction, representing 0.6 – 17% and 0.2 –9% of the total Fe content, respectively.  
As shown by many of the other crustal elements in this study, copper (Figure 4.18) and zinc 
(Figure 4.19) were strongly bound to the residual fractions (associated with F4). For these 
samples the mobility of Cu would be limited due to very low concentrations in the F1 
fraction. In the case of Zn, the exchangeable fraction content displayed a wide variability 
across the studied areas, especially in the soils from La Pampa. Based on the mean value for 
each fraction, the distribution of Cu and Zn in the soils followed the sequence of F4 > F2 > 
F3> F1 (Figures 4.18 and 4.19). 
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Figure 4.17 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of Fe, corresponding to the mean, minimum (min) and 
maximum (max) Fe values for each of the sampling areas; control (RN), south-
eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and southern 
Buenos Aires (S-BA).  
 
 
 
Figure 4.18 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of Cu, corresponding to the mean, minimum (min) and 
maximum (max) Cu values for each of the sampling areas; control (RN), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA). 
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Figure 4.19 Results for the BCR fractionation scheme for the soil samples as a percentage 
of the total content of Zn, corresponding to the mean, minimum (min) and 
maximum (max) Zn values for each of the sampling areas; control (RN), 
south-eastern La Pampa (SE-LP), central-northern La Pampa (CN-LP) and 
southern Buenos Aires (S-BA).  
 
 Soil-plant transfer factor 4.3.3
In order to quantify the transfer of elements from soils to the plants, the Biological 
Accumulation Coefficient (BAC) was determined for each soil and plant pair of data. This 
parameter describes the amount of an element expected to enter a plant from its substrate 
(growth media) under equilibrium conditions (Chojnacka et al., 2005).  
BAC was calculated using the formula; [BACplant/soil = Cplant / Csoil] where Cplant is the 
concentration of element in the plant (root or other tissues) and Csoil is the concentration of 
the same element in the corresponding soil (Nagaraju & Karimulla, 2002; Gulz et al., 2005; 
Yang et al., 2011). The BAC value can be calculated for Cleaves/Csoil or conversely, Croots/Csoil. 
The BAC values can be categorised into five groups (Nagaraju & Karimulla, 2002);  
(1). very weak absorption (0.001 – 0.01),  
(2). weak absorption (0.01 – 0.10),  
(3). intermediate absorption (0.1 – 1.0), 
(4). strong absorption (1 - 10), and  
(5). intensive absorption (10 – 100).  
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Table 4.2 summarises the range of calculated BAC values for all studied areas based on the 
total element concentration of 41 soil/plant pairs (as described in section 2.3). Overall, all 
elements, with the exception of Mo (both plant parts) and Zn (only roots), have BAC values ≤ 
1 indicating that both the plants tissues (leaves and roots) have the capability of acting as 
excluders in terms of the uptake of As, V, Mn, Fe, Cu and Zn from the soils.  
In the presence of high levels of toxic elements in soils, the terrestrial plants can develop 
mechanisms either to exclude or accumulate the toxic elements that they have taken up from 
the soil (Baker, 1981). An excluder will only translocate the toxic element from the root to 
the above ground tissues to self-protect if excess accumulation in the root had occurred (in 
other words, more elemental restriction in the roots) (Baker, 1981), whilst an accumulator has 
the capability to convert the toxic elements into an insoluble form before being transferred to 
other plant parts (Tian et al., 2015). Most of the plants from all the studied areas have shown 
a similar absorption strength in terms of As and V, ranging between weak to intermediate 
BAC values. The BACleaves/soil values show that As and V tend to be associated with high 
levels in the soil with a limited transfer to the leaves. Similarly, the BACroots/soil values 
confirm that both elements have a preferential uptake by the roots. There is some degree of 
variability between the sampling sites as would be expected due to the different elemental 
levels, soil and water chemistries and species of plants collected.  
In contrast, the BAC value > 1 was observed for Mo in both plant parts. This suggests that 
some of the plants (both leaves and roots) collected from all the studied regions may act as an 
‗accumulator‘ (1<BAC<10), which reflects the higher accumulation of Mo in the leaves than 
the roots. Moreover, this clearly shows that the specific chemical form of Mo in the soil 
(which may be indicative of the water chemistry) enables the rapid uptake and transfer of Mo 
to the plant leaves. 
For most of  the other elements, Fe, Mn, Cu and Zn there appears to be very little transfer to 
the leaves and roots (BACleaves/soil and BACroots/soil <1) inspite of the soils and associated 
plants having high elemental levels at some sampling sites (especially La Pampa). This 
suggests that the transportation of elements from soil into plants is not directly determined by 
their total concentration in soil, but it may depend on the availability of that element in the 
soil solution, which is generally associated with the exchangeable fraction (F1, as determined 
from soil sequential extraction). Nevertheless, the low BAC values also indicate that the 
ingestion of plants or crops grown in contaminated soil may not necessarily result in an 
increased risk to the animal and human populations (Chojnacka et al., 2005). However, the 
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high levels of Mo found in plant leaves for some of these sampling sites may pose a health 
risk to livestock. This needs further investigation and monitoring especially when these 
grasses or pastures are used for animal husbandry. In the present study, the enrichment of 
certain elements like As and Mo in plants may have occurred not by direct absorption from 
the soil but from the groundwater as it was observed for those plants that were sampled 
within a meter of a water storage tank. In La Pampa, many fields have water drinking troughs 
connected to the well water delivery system, which are used by the cattle and horses for 
watering purposes. As such, these animals will also graze on this pasture, which has both soil 
and surface water/dust exposure linked to the water supply. Further investigation on the 
relationship between the water-plant transfer of these elements, especially Mo (total and 
species), needs to be undertaken (refer to Future Work in section 7.4). 
 
Table 4.2 The calculated bioconcentration factor (range) for root/leaf pairs associated 
with plants sampled at the four different study regions. The number in the 
bracket represents the number of samples that have BACleaves/soil or BACroot/soil 
> 1; n is the number of plant samples.  
 
Sample BACleaves/soil 
As Mo V Mn Fe Cu Zn 
Control 
(n=7) 
0.02-0.12  
(0) 
0.42-2.24 
(5) 
0.01-0.02 
(0) 
0.05-0.10 
(0) 
0.001-0.02 
(0) 
0.12-0.34 
(0) 
0.20-0.38 
(0) 
SE-LP 
(n=16) 
0.01-0.22  
(0) 
0.55-4.23 
(8) 
0.003-0.12 
(0) 
0.02-0.10 
(0) 
0.002-0.02 
(0) 
0.004-0.44 
(0) 
0.03-0.60 
(0) 
CN-LP 
(n=12) 
0.01-0.18 
(0) 
0.24-4.21 
(11) 
0.004-0.06 
(0) 
0.03-0.22 
(0) 
0.001-0.02 
(0) 
0.03-0.21 
(0) 
0.02-0.81 
(0) 
S-BA 
(n=6) 
0.02-0.28 
(0) 
0.37-6.20 
(4) 
0.004-0.08 
(0) 
0.02-0.12 
(0) 
0.004-0.04 
(0) 
0.07-0.21  
(0) 
0.08-0.48 
(0) 
Sample BACroots/soil 
As Mo V Mn Fe Cu Zn 
Control 
(n=7) 
0.06-0.46 
(0) 
0.15-1.11 
(1) 
0.02-0.04 
(0) 
0.05-0.16 
(0) 
0.02-0.04 
(0) 
0.10-0.25 
(0) 
0.18-1.01 
(1) 
SE-LP 
(n=16) 
0.03-0.48  
(0) 
0.36-3.71 
(6) 
0.01-0.21 
(0) 
0.01-0.19 
(0) 
0.002-0.06 
(0) 
0.03-0.76 
(0) 
0.09-1.93 
(6) 
CN-LP 
(n=12) 
0.01-0.30 
(0) 
0.20-2.39 
(6) 
0.004-0.11 
(0) 
0.02-0.14 
(0) 
0.01-0.03 
(0) 
0.06-0.16 
(0) 
0.04-1.52 
(2) 
S-BA 
(n=6) 
0.01-0.78 
(0) 
0.24-2.56 
(2) 
0.004-0.09 
(0) 
0.02-0.14 
(0) 
0.004-0.05 
(0) 
0.06-0.56  
(0) 
0.10-0.29 
(0) 
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 Binary correlations: associations between waters, plants and soils 4.4
In this study, Spearman correlations were calculated in order to evaluate the relationship 
between the elemental concentrations in waters with plants or soils (leaves n=78; roots n=41). 
Only the graphs for As (Figure 4.20) and Mo (Figure 4.21) are presented in this section, 
whilst for the other elements they can be found in the Appendices D3. The graphs in Figure 
4.20 report the correlations between As; A1 groundwaters and soils total; A2 the groundwater 
and the exchangeable sequential extraction fraction (F1) - (for associated plant leaves); A3 
groundwaters and plant leaves; A4 soils and plant leaves; and A5 the exchangeable sequential 
extraction fraction (F1) and plant leaves. The same set are shown in B1 to B5 but for plant 
roots. The concentration of arsenic in all groundwaters is positively correlated (moderate to 
high) with the total As levels in: 
(i). the soils (r = 0.7173, p < 0.01; Figure 4.20 (A1)),  
(ii). the available As fraction (F1) of soils (r = 0.5191, p < 0.01; Figure 4.20 (A2)), 
and  
(iii). plant leaves (r = 0.5259, p < 0.01; Figure 4.20 (A3)).  
Although there is a different number of samples for the correlations B1 to B5, since there 
were less plant root samples, a higher positive correlation was found between As in 
groundwaters and soils associated with the sites where plant roots were collected and the 
exchangeable fraction F1 (r = 0.8163, p < 0.01; Figure 4.20 (B1) and F1 (r = 0.6181, p < 
0.01; Figure 4.20 (B2). However, the As in the roots showed a slightly lower significant 
correlation to the As in the groundwaters (Figure 4.20 (B3)).  
All the significant correlations could be explained by two hypotheses; (1) the use of As-
contaminated groundwater on agricultural land has caused a build-up of As in the topsoil 
(Panaullah et al., 2008; Bhattacharya et al., 2009; Casentini et al., 2011), and/or (2) the 
interaction of the aquifer with loess-derived materials in the sand fraction has released As 
(desorption processes; e.g As bound to iron oxide) from the solid to the aqueous phase 
(groundwater) (Díaz et al., 2016). The first hypothesis would explain the uptake of As in the 
leaves as the insoluble As (in the residue form) from the groundwater used for irrigation 
might be deposited on the leaf surface. The relationship showing the impact of using 
irrigation water on agricultural land and crops has been widely reported in the literature 
(Panaullah et al., 2008; Bhattacharya et al., 2010; Casentini et al., 2011; Rahman & 
Hasegawa, 2011; Kar et al., 2013).  
Chapter 4: Arsenic and Other Trace Elements in Argentine Plants and Soils  
 
158 
 
0 1 0 2 0 3 0 4 0 5 0
0
5 0 0
1 0 0 0
1 5 0 0
2 0 0 0
A 1
A s  to ta l in  s o ils  (m g /k g  d .w .)
A
s
 i
n
 w
a
te
r 
(
g
/l
)
r  =  0 .7 1 7 3
0 1 0 2 0 3 0 4 0 5 0
0
5 0 0
1 0 0 0
1 5 0 0
2 0 0 0
B 1
A s  to ta l in  s o ils  (m g /k g  d .w .)
A
s
 i
n
 w
a
te
r 
(
g
/l
)
r  =  0 .8 1 6 3
0 5 1 0 1 5 2 0 2 5
0
5 0 0
1 0 0 0
1 5 0 0
2 0 0 0
A 2
A s  in  s o il e x c h a n g e a b le  fra c tio n  (m g /k g  d .w .)
A
s
 i
n
 w
a
te
r 
(
g
/l
)
r  =  0 .5 1 9 1
0 5 1 0 1 5 2 0 2 5
0
5 0 0
1 0 0 0
1 5 0 0
2 0 0 0
B 2
A s  in  s o il e x c h a n g e a b le  fra c tio n  (m g /k g  d .w .)
A
s
 i
n
 w
a
te
r 
(
g
/l
)
r  =  0 .6 8 1 4
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0
0
1
2
3
4
5
A 3
A s  in  w a te r  ( g /l)
A
s
 i
n
 l
e
a
v
e
s
 (
m
g
/k
g
 d
.w
.)
r  =  0 .5 2 5 9
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0
0
2
4
6
8
1 0
B 3
A s  in  w a te r  ( g /l)
A
s
 i
n
 r
o
o
ts
 (
m
g
/k
g
 d
.w
.)
r  =  0 .4 9 8 5
0 1 0 2 0 3 0 4 0 5 0
0
1
2
3
4
5
A 4
A s  to ta l in  s o ils  (m g /k g  d .w .)
A
s
 i
n
 l
e
a
v
e
s
 (
m
g
/k
g
 d
.w
.)
r  = 0 .4 7 5 4
0 1 0 2 0 3 0 4 0 5 0
0
2
4
6
8
1 0
B 4
A s  to ta l in  s o ils  (m g /k g  d .w .)
A
s
 i
n
 r
o
o
ts
 (
m
g
/k
g
 d
.w
.)
r  =  0 .4 9 8 9
0 5 1 0 1 5 2 0 2 5
0
1
2
3
4
5
A 5
A s  in  s o il e x c h a n g e a b le  fra c tio n  (m g /k g  d .w .)
A
s
 i
n
 l
e
a
v
e
s
 (
m
g
/k
g
 d
.w
.)
r  =  0 .4 9 5 5
0 5 1 0 1 5 2 0 2 5
0
2
4
6
8
1 0
B 5
A s  in  s o il e x c h a n g e a b le  fra c tio n  (m g /k g  d .w .)
A
s
 i
n
 r
o
o
ts
 (
m
g
/k
g
 d
.w
.)
r  =  0 .6 9 1 7
 
Figure 4.20 Binary correlation study for As (A) plant leaves (n = 78) and (B) roots (n=41) 
across all study regions. r represents the Spearman correlation coefficient. For 
graph A1 the As in soils refers to the samples with associated leaf material. 
Conversely, for B1 the As in soils relates to the sites where root material was 
available. 
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The second hypothesis could explain the higher correlation between water and total As in soil 
compared to its available form (F1), since As in soil may also be bound to Fe-Mn 
oxides/hydroxides (F2) and organic matter and sulphides (F3), which could be mobilised and 
released into the groundwater through the desorption and weathering processes (Díaz et al., 
2016).  
On the other hand, As in both plant leaves and roots were found to be significantly correlated 
with the total As levels in the soils (Figures 4.20; A4 and B4) and the exchangeable fraction 
(F1) (Figures 4.20; A5 and B5). However, the correlation coefficient was slightly lower for 
leaves (As total: r = 0.4754, p < 0.01; F1: r = 0.4955, p < 0.01) compared to the roots (As 
total: r = 0.4989, p < 0.01; F1: r = 0.6917, p < 0.01). This confirms that the uptake of As 
occurs primarily via root absorption, since there is a stronger correlation between roots and 
soils especially for the exchangeable fraction (F1). Like arsenic, similar trend of correlations 
between the water, soils and plants also found for V (refer to Appendix D3). 
The results in Figure 4.21 show that the Mo levels in groundwaters were significantly 
correlated with: 
(i). the total Mo in soil (leaves: r = 0.3768, p < 0.01 (A1); root: r = 0.4113, p < 0.01 
(B1)),  
(ii). the exchangeable Mo fraction (F1) in soils (leaves: r = 0.4717, p < 0.01(A2);  
root: r = 0.4516, p < 0.01 (A2);); and 
(iii). plant roots (r = 0.5679, p < 0.01 (B3)).  
No relationship was observed between the plant leaves and water (see A3 in Figure 4.21) 
indicating that the latter has less impact on the Mo concentration in plant leaves than the soil, 
probably because of the low levels of Mo in groundwaters (mostly 50 - 100 µg/l Mo, except 
for some waters from CN-LP). This has been supported by a hydroponic study using cress 
where the shoot and root growth was not obviously affected when the plant was grown under 
low concentrations of molybdenum (< 0.1 – 150 µg/l Mo spiked solution) (Lawson-Wood, 
2017). In addition, this author also found that cress grown using Argentine water (65 – 93 
µg/l Mo) have a significantly lower Mo level (1.89 – 4.59 mg/kg d.w.; similar to the 
concentration found in the present study) than the cress grown using similar concentrations of 
spiked Mo. Therefore, it may be hypothesised that the groundwaters analysed in this study 
containing high levels of salts, cations, anions, organic species, as well as As and other 
associated elements, that may inhibit the uptake of Mo by the plants. This also supports the 
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need for further research into how these elements (and species) are taken-up by plants in the 
presence of not only other elements or ionic forms, but with varying concentrations of 
salinity (replicating the ‗real‘ environmental conditions of many surface and groundwaters in 
La Pampa, and other Argentine provinces). 
Interestingly, the plants (either leaves or roots) did not correlate with the Mo available 
fraction (F1) in the soil (see A5 and B5 in Figure 4.21) but a fairly significant positive 
correlation was observed with the total Mo in the soil (leaves: r = 0.3520, p < 0.01; root: r = 
0.3990, p < 0.01). This could possibly be due to the low levels of the exchangeable F1 
fraction in the soil. Previous studies have suggested that non-residual fractions (F2 and F3) 
can be potentially bioavailable if the pH and redox potential of the soil changes. This could 
be a potential source of ‗available‘ Mo if the organic matter content is microbiologically 
decomposed or the presence of oxide minerals are dissolved (Shaheen & Rinklebe, 2014).  
In another published study it was reported that Mo bound to organic matter could be the best 
predictor in determining the toxicity threshold level for Mo in plant species (McGrath et al., 
2010). Unfortunately, no data on organic matter content in soils was available in the present 
study to confirm if a possible statistical relationship exists between Mo and the organic 
content of the soil. Other soil parameters that may be also related to the availability of Mo in 
soil are clay content, cation exchange capacity, total aluminium and iron concentrations in 
soil, competing ions (sulphate) and carbonate concentration (especially in alkaline pH due to 
the co-precipitation processes) (McGrath et al., 2010; Shaheen & Rinklebe, 2014; Shaheen et 
al., 2017).  
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Figure 4.21 Binary correlation study for Mo (A) plant leaves (n = 78) and (B) roots (n=41) 
across all study regions. r represents the Spearman correlation coefficient. For 
graph A1 the Mo in soils refers to the samples with associated leaf material. 
Conversely, for B1 the Mo in soils relates to the sites where root material was 
available. 
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 Summary 4.5
The levels of trace elements in plants and soils from control, SE-LP, CN-LP and S-BA 
sampling sites of Argentina were analysed and the results were presented in this chapter. The 
plants (leaves and roots) and soil samples were collected within the same areas as the water 
samples to evaluate whether there were any potential relationships between elemental uptakes 
by plants. A variation was observed across the study areas for all the investigated elements 
where the concentrations in the plant roots were in general higher than in the leaves, except 
for some plants that contained elevated levels of Mo and Zn in the leaves. The plants from all 
study regions showed elemental ‗enrichment‘ in both plant parts (roots and leaves), especially 
in the La Pampa province (SE-LP and CN-LP). The uptake of As, Mo and V by plant roots 
and leaves in plants collected within a meter of well water storage tanks, indicated a direct 
effect of additional elemental exposure via the input from tank water overflow, animal 
watering from troughs or storage tank leakage. 
Although the uptake of trace elements primarily occurred in the roots, significant levels of 
accumulation (soil/plant translocation factor, TF > 1) of trace elements in the leaves was 
observed for some of the plants across the studied areas. The leaves from the control sites 
only showed enhanced uptake of Mo and Cu, whilst other areas exhibited a variation in the 
mobilisation or transfer of elements to the leaves (and other aerial plant parts). This suggests 
that these plants may differ in relation to the uptake of specific elements depending on 
geochemical factors (soil properties and chemistry), plant species and physiology, 
atmospheric deposition, irrigation water that was used on agricultural land (Kabatas-Pendias, 
2011). Based on the calculated average translocation factor, TF values for all the plant 
samples, the efficient in translocating specific elements followed the order; Mo > Cu > Mn > 
V > Zn = Fe > As. 
In general, soil from all of the studied areas displayed alkaline pH conditions (8.51 ± 1.27). 
The surface soils from control areas were found to contain low levels of the key elements 
compared to the As-contaminated areas (i.e. having an As level in groundwater > 10 µg/l). 
This may be due to the groundwater having saturated the surface soil through surface 
agricultural irrigation activities, or the ‗solubilisation‘ of elements in the soils (influenced by 
pH, redox and other soil chemical parameters). This may help explain the highly significant 
positive correlation between the As levels in groundwaters and the surface soils (Spearman 
correlation, r = 0.717, p < 0.01). The levels of As, Mo and V in some of the soil samples 
exceed the lower levels of the maximum allowable limit for agricultural soils (Kabata-
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Pendias, 2011). Among the studied elements, the elevated levels of V, Cu, Zn in samples 
collected from the south-eastern region of La Pampa (SE-LP) and central-northern area south 
of Eduardo Castex, La Pampa (CN-LP) could potentially pose an ecology risk, based on the 
limits set by the Ministry of the Environment Finland (2007). 
A modified sequential extraction method (Rao et al., 2008; Zimmerman & Weindorf, 2010) 
was used to examine the possible speciation of these elements in soils (refer to sections 
4.2.2.2 – As; 4.2.2.4 – Mo and V). In the case of the geochemical fractions, most of the 
elements in the soil samples from all the studied regions were predominantly in the residual 
fraction (F4). This indicates that despite high levels in the soils, these elements are 
immobilised and unavailable for plant uptake. Across the study regions, the geochemical 
fractions of each element for all studied regions followed the sequence of; F4 > F1> F3> F2 
for As; F4 > F3> F1> F2 for Mo; F4 > F2> F3> F1 for V, Fe and Cu; F4 > F2> F1> F3 for 
Mn and Zn (based on the percentage contribution of that element relative to the total 
concentration in the soil). 
Regarding the elemental transfer from soils to roots, the calculated bioaccumulation 
concentration (BAC) showed values ≤ 1 for As, V, Mn and Fe, indicating that these plants 
could be considered to be ‗excluders‘ of these elements due to the limited translocation to the 
leaves. However, these plants could accumulate high levels of Mo and Zn (roots only) from 
the soil since the BAC value ≥ 1.  
A Spearman correlation study was undertaken to examine if any statistical relationship exists 
for each element between soils and plants (leaves and/or roots). A significantly positive 
correlation coefficient (r) was found for As and V between soils and plant parts (roots and 
leaves). A significantly lower correlation was also found for Mo. More importantly, 
statistically significant positive correlations were found for these elements between the plant 
and the exchangeable soil fraction (F1). This suggests that if any of this element is extracted 
into the exchangeable fraction it is ‗available‘ for uptake by the plant roots or leaves. This is a 
complex mechanism via the soil solution and requires a better knowledge of the specific 
elemental speciation. Although this modified sequential extraction method provides some 
information about possible elemental speciation in soils, it is clear more data is required 
based on hydroponic or simulated growth experiments (refer to Future Work section 7.4).  
In conclusion, the high levels of trace elements (especially As, V and Mo) found in these 
soils and corresponding plants (especially from La Pampa) may be transferred to the food 
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chain via crop harvesting and human consumption, or by grazing livestock. This could also 
add to the uptake of these elements through drinking water and food preparation (Chapter 5), 
or through the direct ingestion of the pasture (by cattle) or foodstuffs (carrots, potatoes, 
onions, etc). At present, very little data is available on the possible health effects associated 
with an increased dietary intake of these elements through local crop consumption in the 
communities of the Chaco-Pampean region of Argentina (especially the province of La 
Pampa). 
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 Introduction 5.0
The aim of this chapter was to evaluate how the washing and cooking of locally produced 
Argentine foodstuff using local well water samples from La Pampa province could influence 
the dietary intake of arsenic and other trace elements (V, Mo, Fe, Mn, Cu and Zn). The 
assessment of the elemental content in food is considered important for Argentina provinces 
due to raised levels of As and the associates trace elements in water (Chapter 3) and from the 
point view of health impact (Farnfield, 2012; Lord, 2014; Bardach et al., 2015). Although 
there is access to treated water in some areas, water from wells is still used for the irrigation 
of agricultural land, watering of livestock and for human consumption in rural communities. 
This is especially true for families of low socioeconomic background in rural areas, who 
might not afford to get safe and clean water (<10 µg/l As) due to the cost and limited 
availability.  
At present, little information is available in the literature regarding human arsenic exposure 
through food chain in Argentina (Pérez-Carrera & Fernández-Cirelli, 2005; Sigrist et al., 
2010). Few studies have examined the arsenic levels of local foodstuffs in Argentina, but the 
researchers focused more on the content of the raw foodstuffs (Quintero et al., 2014) than on 
the cooked form when estimating the daily dietary intake (Sigrist et al., 2010). Cabanillas-
Vidosa et al. (2014) compared the effect of different cooking water (mineral water; 1 µg/l and 
As-contaminated water; 261 µg/l) used for cooking rice and soybean. They found that As in 
the raw foodstuffs were significantly increased (3 - 25 times greater than the original amount) 
following cooking with As contaminated water from groundwater of Córdoba (Argentina). 
However, their study was limited to the assessment of the As absorption during the cooking 
process and no washing steps were involved prior the cooking experiment. Apart from As, 
the evaluation of other associated elements (especially V and Mo) in the cooking water and 
their effect on the prepared foodstuffs (washing and cooking) also need to be considered, as 
high concentration of these elements were found in the water samples from the studied area 
(specifically for La Pampa province; section 3.2.4 and section 3.3.4). Ingestion of food and 
water that contain high levels of those elements will result in an additional increase in the 
metals daily dietary intake. Thus, the comprehensive chemical analysis of local water sources 
used in food preparation should not be neglected to provide more accurate estimation on the 
elementals daily dietary intake from cooked foodstuffs in As-endemic countries like 
Argentina.  
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In this study, a series of washing and cooking experiments was undertaken in-situ to assess 
the metal uptake during preparation of selected foodstuffs namely onion, carrots, potatoes and 
rice. These foodstuffs were chosen as they are commonly consumed as part of the local daily 
diet and provide nutrients needed for adequate human health. A preliminary study was carried 
out in the regions of General San Martín (GSM, La Pampa) and southern Buenos Aires (BA). 
The findings from the scoping experiments were then extended to the investigation in the 
most As-enriched rural area of La Pampa province, namely Eduardo Castex (EC). In the case 
of vegetables (carrots, potatoes, onion), the samples were washed with selected water (well or 
treated water) and boiled for different cooking times (5 or 10 minutes). See more details 
regarding the washing and cooking procedures in section 2.3.1.  
For rice, the two most common cooking methods were researched, namely traditional and 
modern, either with or without prior washing steps. According to the modern method, rice 
was cooked to dryness using automatic electrical rice cooker, whilst the traditional method 
used a conventional pot with some of the excess water being discarded after the eating texture 
of cooked rice was obtained. The procedures for the preparation of the rice are described in 
sections 2.3.2. After determination of the concentrations of elements (sections 2.3.5), the 
daily dietary intakes from food and drinking water were estimated for an average 
Argentinean adult.  
 Fresh foodstuffs – Carrot, potatoes and onions 5.1
In the preliminary study, 3 water samples from General San Martín (La Pampa) and 2 from 
San Germán (Buenos Aires) were used for the preparation of carrots, potatoes and onions. All 
five water samples were employed to investigate the foodstuffs metal uptake during washing 
(section 5.1.2), while only water from rural well 2 (in General San Martín, Table 5.1) was 
used in further cooking experiments (section 5.1.3.3 – 5.1.3.4 and section 5.3.2.2 -5.3.2.2). In 
the second set of experiments, two water samples from the rural area of Eduardo Castex (EC, 
La Pampa) were studied to assess the effect of washing and cooking (with different cooking 
times) using those contaminated waters on the uptake of As and other associated elements (V 
and Mo) by different foodstuffs. All rural and city well waters came from groundwater 
sources and were not treated prior use. The treated tap water that processes piped surface 
water from Río Negro was used as control during the second set of washing and cooking 
experiments. 
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 Analysis of the natural waters used for food preparation  5.1.1
Table 5.1 details the pH, redox potential (Eh), total dissolved solid (TDS), conductivity 
(Cond.) and description for each sampling site (refer to Chapter 3). All water sample are 
untreated groundwater. The water samples displayed a slightly alkaline pH (7.42 - 8.02) with 
a wide range of conductivity levels (215 - 3898 µS/cm) and total dissolved solids content 
(109 - 1993 mg/l). All well water samples showed moderate oxidising characteristics (3 – 109 
mV).  
 
Table 5.1 Description and result on the in-situ analyses of the water samples collected 
for the first (1) and second (2) food preparation experiments within 
communities of La Pampa and Buenos Aires, Argentina. 
  
Exp. Province Code Eh 
(mV) 
pH 
 
Cond. 
(µS/cm) 
TDS 
(mg/L) 
Description 
1 Southeast La 
Pampa (General 
San Martín) 
GSM 1 62 8.02 1502 775 200 metres south of Ruta 35, 
General San Martín 
GSM 2 102 7.5 2048 1079 20 metres south of Ruta 35, 
General San Martín 
GSM 3 55 7.76 3770 1942 north of Ruta 35, General 
San Martín 
Southern 
Buenos Aires  
BA 1 60 7.42 1280 647 60 metres north of Ruta 35, 
Buenos Aires 
BA 2 109 7.83 1233 625 city well of San Germán 
2 Río Negro 
(General Roca) 
Control  55 7.76 215 109 Río Negro treated tap water 
La Pampa  
(Eduardo 
Castex) 
EC 1 3 7.57 3148 1634 Filipinni, central-north La 
Pampa 
EC 2 20 8.07 3898 1993 Adrian Bruan, central-north 
La Pampa  
 
All well water samples used in the food preparation experiments exceeded the World Health 
Organisation (WHO, 2011a) and Código Alimentario Argentino (CAA, 2012) guidelines for 
safe drinking water of 10 µg/l As (Table 5.2). The only exception is the control sample from 
Río Negro that contained safe levels of As (2.44 µg/l). Arsenic levels in well water were 
found to be higher in the water samples from La Pampa (39.1 – 1135.3 µg/l As) in 
comparison to water samples from Buenos Aires (74.9 – 115.7 µg/l As). All groundwater 
source samples contained vanadium levels higher than 200 µg/l, which surpassed the 
notification levels of vanadium in drinking water (50 µg/l) proposed by California‘s 
Department of Public Health (Wright et al., 2014) and the guideline of 140 μg/l V established 
by the Italian Ministry of Health (Crebelli & Leopardi, 2012). The levels of vanadium in well 
water samples ranged from 218.2 to 4509.9 µg/l V, with the highest level recorded in EC 
rural well 2 (Table 5.2). For molybdenum, only rural well of GSM 1 and EC 2 showed 
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concentrations higher than the former WHO drinking-water guideline of 70 μg/l Mo 
(withdrawn in 2011, Frisbie et al., 2015). All the other elements of interest (Mn, Fe, Cu and 
Zn) were all within the recommended guideline values set by WHO and Argentine authorities 
(Table 5.2), with the exception of water samples from GSM rural well water 1 that contained 
level of iron 9.1 times greater than the limits stablished by CAA (2012).  
 
Table 5.2  Total concentrations of the elements of interest in the water samples (n=1) 
used for washing and cooking experiment (µg/l). 
 
Water Concentration (µg/l) 
AsT V Mn Fe Cu Zn Mo 
WHO (2011a) 10 NE
a
 400 NE
a
 2000 3000 NE
b
 
Argentina 
(CAA, 2012) 
10 NE 100 300 2000 5000 NE 
Río Negro Control 2.44 6.93 3.28 6.52 123.78 59.27 0.44 
GSM well 1 39.05 218.20 24.67 2745.2 5.65 161.00 17.41 
GSM well 2 153.20 613.20 0.89 5.66 3.58 5.12 26.64 
GSM well 3 319.40 1185.60 0.22 7.07 9.59 4.22 85.04 
BA well 1 74.90 244.40 0.35 1.32 0.52 4.63 21.11 
BA well 2 115.70 456.00 0.22 40.49 0.35 5.68 41.72 
EC well 1 587.89 1841.70 0.70 26.95 1.47 38.42 57.37 
EC well 2 1135.28 4509.90 0.98 23.50 1.12 17.34 799.80 
Note: NE - not established; 
a
 typical level in drinking water is unlikely to cause a health concern; 
b 
occurs in 
drinking water at concentrations well below that reported for health concerns.  
 
 The effect of washing and cooking foodstuffs using Argentine water 5.1.2
In general, most vegetables are washed and often cooked prior to consumption. Washing of 
the fresh produce vegetables under clean safe water is always recommended as it removes 
any visible dirt, pathogens and toxins that may have been transferred from the soil 
(Sivapalasingam et al., 2004; Yarahmadi et al., 2012). However, when the water contains 
raised levels of trace elements (especially if they are toxic) another problem may arise due to 
sorption and accumulation of the toxic elements in the raw vegetables during washing, which 
potentially can pose a health risk (McClintock et al., 2012). The accumulation effects could 
be greater when those vegetables are consumed after being cooked in contaminated water 
(Bundschuh et al., 2012). 
 A preliminary study: The effect of washing and cooking  5.1.3
During the preliminary study, potatoes and carrots were washed and cooked using water from 
General San Martín (GSM 1 – 3) and southeast of Buenos Aires (BA 1 and BA2). No 
experiments with control tap water were carried out during the preliminary study. 
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 The effect of washing foodstuffs: the uptake of arsenic 5.1.3.1
The original As levels in raw carrots (0.16 mg/kg d.w.) and potatoes (0.04 mg/kg d.w.) were 
much lower than the levels found for As-endemic countries in Latin America (Bundschuh et 
al., 2012). However, the concentrations were in agreement with the As levels found in 
vegetables that grown under As-rich agricultural soil in the former mining area of Cornwall 
and Devon, UK (Norton et al., 2013) and As-affected district in West Bengal (Roychowdhury 
et al., 2003; Signes-Pastor et al., 2008).  
As it can be observed in Figure 5.1, the absorption of As from contaminated water during 
washing was much higher for carrots (48 – 573%) than potatoes (-40.5– 163%). For carrots, 
the mean concentration of As was significantly increased (0.23 – 1.06 mg/kg d.w.) after 
washing. The only exception was when using well water GSM 1 containing of 39.05 µg/l As 
(Figure 5.1a). In this case, the As in the raw foodstuffs increased to 245% for carrots and 
29% for potatoes following washing. This remarkable increase in the As concentration, in 
comparison with the other water samples, might due differences in the chemical composition 
of the water (see Table 5.2), specially due the presence of extremely high levels of Fe in the 
GMS 1, although further study is needed to evaluate the effect of Fe on the As uptake. 
Although the As levels in washed potatoes followed the same trend as for carrots, a slight 
reduction was observed from its original content when washing using water from BA rural 
wells 1 (74.9 µg/l As) and 2 (115. 7 µg/l As). However, this reduction in concentration must 
be considered with caution since the analysis data for these samples after washing did not 
show any difference from the original levels. The washing of carrots and potatoes (unpeeled 
and diced) showed an effect in the As uptake when using different levels of As in the 
washing water (Figure 5.1), depending on the As in the washing water and type of vegetables, 
since the carrots have much higher capacity to retain As from the washing water than the 
potatoes.  
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Figure 5.1 The As mean (n=3) (a) concentrations and (b) uptake ([metal retained by 
foodstuff / metal available in water]×100) in carrots and potatoes after 
washing with various levels of As-contaminated well water. The percentage 
(%) in italics represents the increase in elemental levels compared to the raw 
content. 
 
 The effect of washing foodstuffs: the uptake of other trace elements 5.1.3.2
Overall, the elemental contents (Mn, Fe, Cu, Zn and Mo) in both vegetables were within the 
typical range levels reported in the literature (dry weight); 0.001-0.7 mg/kg V, 1.3 – 90 
mg/kg Mn, 6 – 130 mg/kg Fe, 0.08 – 9 mg/kg Cu, 1.2 – 45 mg/kg Zn and 0.04 – 2.5 mg/kg 
Mo (see Appendix A4; Ward, 2000).  
Washing of both vegetables with water containing less than 40 µg/l Mo resulted in a 
reduction of < 10 % in the Mo content of the raw foodstuffs. Mo in raw potatoes (0.41 m/kg 
d.w.) started to increase after washing with water containing > 40 µg/l Mo (Figure 5.2), 
whereas raw carrots (0.63 mg/kg d.w.) only showed an increase when washed with water 
from GSM well 3 (85.04 µg/l Mo). In the case of GSM 3, the percentage increase of Mo was 
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much greater in the potatoes, which suggests the potatoes could retain more Mo than the 
carrots.  
 
 
 
Figure 5.2 The mean concentrations (n=3) of Mo in carrots vs. potatoes after washing 
with various Mo levels in well water. The percentage (%) in italics represents 
the increase in elemental levels compared to the raw content. 
 
The original vanadium concentrations in carrots and potatoes were generally low in this 
present study, similar to values often reported in the literature (Myron et al., 1977; Adachi et 
al., 1999; Ward, 2000; Gürkan et al., 2016). However, the raw potatoes presented a V content 
(0.045 mg/kg d.w.) slightly higher than in the carrots (0.037 mg/kg d.w.). After washing 
using water containing raised levels of V, the concentrations in the raw vegetables showed a 
significant increase (Figure 5.3).  
Like in the case of As (section 5.1.3.1), carrots presented a higher capacity for the 
accumulation of V during washing (mean: 2.38 – 9.54 mg/kg V d.w.) than potatoes (mean: 
1.14 – 2.58 mg/kg V d.w). However, the percentage increase of V in the corresponding raw 
vegetables was far greater (Figure 5.3a) than As, due to the lower original concentrations of 
V in the raw unwashed foodstuffs in comparison with As. Although the carrots have shown 
higher capacity to absorb the V from washing water than the potatoes (Figure 5.3b), the trend 
for both vegetables in V uptake was different. With the exception of sample from GSM well 
1, the V uptake for carrots showed an increasing trend with the level of V in water. 
Interestingly, V uptake by the potatoes seem to reduce consistently with the increasing V 
levels in washing water which suggests that V has reached its saturation point. 
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Figure 5.3 The mean V (n=3) (a) concentrations and (b) uptake ([metal retained by 
foodstuff / metal available in water]×100) in carrots and potatoes after 
washing with various levels of V-contaminated well water. The percentage 
(%) in italics represents the increase in elemental levels compared to the raw 
content. 
 
For the other elements of interest, both diced vegetables were found to reduce slightly the 
contents of Mn, Fe, Zn and Cu after washing with water containing low levels of these 
elements (Figure 5.4). However, when the water contained high levels of any of these 
elements (see water composition in Table 5.2), it caused an increment of the concentrations in 
the washed vegetables. This was confirmed after using water from GSM 1 (2745.2 µg/l Fe) to 
wash carrots and potatoes that presented Fe concentrations 3-5 times greater than the original 
(36.58 mg/kg d.w.). As it can be seen in Figure 5.4, the final concentrations after washing 
varied greatly depending on the vegetable, the element considered and the type of water, 
therefore no general trend or conclusion could be attained from these scoping experiments. 
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Figure 5.4 The mean concentrations (n=3) of Mn, Fe, Cu and Zn in (a) carrots and (b) 
potatoes after washing with well waters. 
 
 The effect of cooking foodstuffs: the uptake of arsenic 5.1.3.3
In order to initially evaluate the effect of cooking on the As content in vegetables, rural well 
water GSM 2 (153.20 µg/l As) was used to cook both pre-washed carrots and potatoes. The 
cooking process was assessed using two different cooking times, 5 or 10 minutes. The mean 
As concentration in cooked carrots was 0.50 mg/kg d.w. (5 minutes) and 0.73 mg/kg d.w. (10 
minutes), while, As concentration in the potatoes increased up to 0.27 mg/kg d.w. after 5 
minutes and suffered further increment, about 15 %, after 10 minutes of boiling (mean: 0.31 
mg/kg d.w. As). The Figure 5.5 has clearly showed that As in the cooked vegetables were 
greatly altered depending on the type of vegetables and cooking times under the same As 
levels in the water.  
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Figure 5.5 Comparison of the mean As concentrations (n=3) in raw, washed and cooked 
vegetables using well water GSM 2. The percentage (%) in italics represents 
the increase in elemental levels compared to the raw content. 
 
The first 5 minutes of cooking of the pre-washed vegetables have significantly increased the 
As in the potatoes (609%) while only show a little increment (29%) on carrots in comparison 
to the washing process. This suggests that heating treatment has enhanced the As uptake in 
the potatoes via absorption from the cooking water. However, additional 5 minutes of 
cooking time has further increased the arsenic levels in both vegetables, with more As 
retained in the carrots than potatoes. 
 The effect of cooking foodstuffs: the uptake of other trace elements 5.1.3.4
Although the concentration of Mo in carrots and potatoes was reduced during the washing, 
both vegetables showed a different trend when cooking at 5 and 10 minutes. After 5 minutes 
of cooking, carrots seemed to increase their Mo concentration while potatoes showed an 
opposite trend, in which cooking caused further decrease of about 17% of the raw content 
(Figure 5.6). However, it must be noted that cooking for longer periods of time caused a 
recovery on the concentration of Mo in the potatoes, although boiling for only 10 min did not 
manage to recover of the original levels in the raw and un-washed material. Further study 
using the control tap water (second experiment in section 5.1.4) should be undertaken for 
comparison in order to confirm whether the increment of Mo in cooked vegetables is either 
due to the absorption of Mo from the boiled cooking water or Mo is more available in the 
cooked form.  For instance, if the Mo levels in the cooked vegetables under control tap water 
was reduced during cooking, that would suggest the Mo in the vegetables was loss due to the 
heating process as no Mo input from the cooking water. 
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Figure 5.6 Comparison of the mean Mo concentrations (n=3) in raw, washed and cooked 
vegetables using well water GSM 2. The percentage (%) in italics represents 
the increase in elemental levels compared to the raw content. 
 
The uptake of vanadium by carrots during the cooking process (mean: 4.44 mg/kg d.w. at 5 
minutes vs. 6.63 mg/k d.w. at 10 minutes) displayed a similar trend to the one observed for 
As, although with a much greater increase in the V uptake between the 5 and 10-minute 
cooking intervals (Figure 5.7). On the other hand, the trend was remarkably different in 
potatoes, since the pre-washing step (using water of 613.2 µg/l V, GSM 2) caused a 
significant increase in the concentration of V in the raw potatoes prior to cooking, which 
would suggest that potatoes have a higher ability to retain V (96 % uptake) than As, even 
without heating treatment applied. The V concentration in potatoes were almost double the 
pre-washed concentration after 5 minutes of cooking, and increased 29% more after 10 
minutes of cooking.  
Mn, Fe and Zn in both cooked vegetables were linearly reduced by the increasing of cooking 
time (Figure 5.8) compared to the raw or pre-washed samples. Cu content in both cooked 
carrots and potatoes was not significantly affected by the cooking process. Dugo et al. (2005) 
compared the Mn content between the unpeeled (0.6 mg/kg Mn) and peeled carrots (0.9 
mg/kg Mn) to the corresponding raw content after boiling 10g of carrots in 150 ml of tap 
water (cutting the vegetables and the concentration of the water were not mentioned). The 
Mn content was 50% reduced after boiling both peeled vegetables, but only showed 11 % 
(carrots) to 20% (potatoes) loss when the vegetables skin was not removed. In contrast, the 
present study showed a total reduction of 15 – 18 % for carrots and 28 – 46 % for potatoes 
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when diced and unpeeled vegetable was boiled. This may be due to the effect of cutting the 
vegetables into small pieces to reduce the cooking time.  
 
 
 
Figure 5.7 Comparison of the mean V concentrations (n=3) in raw, washed and cooked 
vegetables using well water GSM 2. The percentage (%) in italics represents 
the increase in elemental levels compared to the raw content. 
 
 
 
Figure 5.8 Comparison of the mean concentrations of Mn, Fe, Cu and Zn (n=3) in raw, 
washed and cooked (a) carrots and (b) potatoes using well water GSM 2. 
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The findings in this study were comparable to the work reported by Bethke and Jansky 
(2008), who boiled the potatoes (30 g) in distilled water (300 ml) after cutting into cubes size 
for 10 minutes. Although the Mn loss was greater in our study (49% vs. 30%), the total 
reduction of Zn (25%) was similar to the loss previously observed by Bethke and Jansky 
(2008). However, they found more than 50% iron loss after the boiling of potatoes which 
only observed about 19% in this study. In another study, peeled and sliced Irish potatoes 
which were boiled for 40 minutes have resulted an increased in the raw content of Fe and Cu 
but loss 43% of Zn content (Ikanone and Oyekan, 2014). In addition, Burgos et al. (2007) 
observed a significant increase and decrease for both Fe and Zn content of the cooked 
potatoes compared to their corresponding raw content which suggests the variability may 
depend on the potato varieties as well as other factors, such as the liquid to solid ratios during 
the cooking process and the surface area.  
 Second study: the effect of washing and cooking  5.1.4
In the second study, the effect of washing and cooking in foodstuffs were extended to one of 
the most As-contaminated areas in central-north of La Pampa, namely Eduardo Castex (see 
Chapter 3 for details). Onion, carrots and potatoes were washed and cooked using two 
different well waters, EC well 1 and EC well 2 (refer to tables 5.1 and 5.2). In addition, all 
the vegetables were also washed and cooked using control tap water that has been treated 
domestically (chlorinated tap water). Thus, the findings of using both water types (control vs. 
well water) will enable the direct comparison in evaluating the effect of washing and cooking 
foodstuffs using water containing different levels of As and other associate trace elements.   
 The effect of washing and cooking fresh foodstuffs: arsenic 5.1.4.1
Overall, the concentrations of raw carrots (0.22 mg/kg As d.w) and potatoes (0.07 mg/kg As 
d.w) used in the second experiment were slightly higher than for the first study (section 
5.1.3.1), while the onion (0.073 mg/kg d.w) was comparable to the levels found by Signes-
Pastor et al. (2008) in As-endemic rural area of West Bengal. It must be noted that in the 
present study, it was not possible to ascertain whether the vegetables purchased from the 
Argentinian markets had been grown locally on As-contaminated soil, as this information 
was not available on the packaging. Nevertheless, As in the raw vegetables was within the 
typical range reported for similar foodstuffs (see Appendix 1.4; Ward, 2000). 
In the case of control tap water, the washing of raw carrots and potatoes using water 
containing 2.44 µg/l As reduced the original As content by 4.8 % and 24 %, respectively. 
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Since the carrots and potatoes in the present study were used directly as purchased (diced and 
unpeeled), the 5 minutes of washing with safe As water (control) effectively removed the As 
most likely associated with the skin, as it has been previously reported that root vegetables 
such as carrots and potatoes with the skin on contained more arsenic than those peeled 
(Norton et al., 2013). On the other hand, washing the onion (mean: 0.073 mg/kg d.w.) with 
the control tap water reduced the As content in the raw samples by 3.9 %, although it 
increased significantly, 281 % (EC 1) and 858 % (EC 2), after washing using EC rural well 
water (Figure 5.9). In the case washing water from the EC wells, the mean As concentration 
of washed vegetables followed the order; onion (0.28 – 0.70 mg/kg d.w.) > carrots (0.30 – 
0.42 mg/kg d.w.) > potatoes (0.11 – 0.13 mg/kg d.w.).  
Regarding the effect of cooking on the As concentration in all vegetables, similar trends were 
observed to the ones described previously for the washing of vegetables. In term of cooking 
of vegetables using As-safe water, Perello et al. (2008) have reported a reduction of the 
original As content (38 %) after potatoes have been boiled using 2-3 l of ultrapure water. In 
addition, Díaz et al. (2004) have observed much greater reduction (81%) in potatoes, carrots 
(36 – 72%) and onion (9.5%) when the raw (carrots and potatoes) was peeled prior to boiling 
with distilled water (only control the volume of water; 250 ml, mass of potatoes was not 
mentioned).  
In this present study, we have also observed As reduction in cooked vegetables using control 
tap water; 1.4 % in 5 minutes and 10 % after 10 minutes of cooking (Figure 5.9a). The 
boiling of pre-washed vegetables using EC rural well water (588 – 1535 µg/l As) have 
significantly increased the As levels in cooked vegetables (Figure 5.9b and 5.9c); after 5 
minutes of cooking, the ranges of As concentration in each of the vegetables (d.w.) were 0.91 
– 0.95 mg/kg (onion), 1.12 -1.83 mg/kg (carrots) and 0.67 – 1.06 mg/kg (potatoes). When the 
vegetables were cooked for additional 5 minutes, the As concentration (d.w.) was further 
increased in carrots (1.38 – 1.60 mg/kg), onion (2.35 – 2.71 mg/kg) and potatoes (0.74-1.35 
mg/kg). Among all the studied cooked vegetables, the As uptake [metal retained by foodstuff 
/ metal available in water]×100) followed the order; carrots > potatoes > onion.  
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Figure 5.9 Comparison of the mean As concentrations in raw, washed and cooked 
foodstuffs using control tap and Eduado Castex (EC) well waters. The 
percentage (%) in italic represents the increase in As levels compared to the 
raw content. 
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reported by Del Razo et al. (2002). The potatoes prepared by inhabitants in the As-
contaminated town (410 ± 35 µg/l As in water) presented As levels between 0.22 and 1.43 
mg/kg d.w. in the cooked samples. In other studies, Díaz et al. (2004) assessed the As in 
carrots and potatoes after being cooked using distilled water and As-contaminated water from 
a rural village in the northern Chile. They observed a reduction in As (97 % due to removal 
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of skin compared to raw) for both vegetables after cooking using the distilled water, whilst 
the levels increased (105%) when cooked with water containing 572 µg/l iAs. Although their 
cooking time was longer (22 – 45 minutes), the percentage of As increment in the cooked 
vegetables to the corresponding raw vegetables or boiled under distilled water were lower (in 
the case of carrots and potatoes) than our study. The differences were due to the volume of 
cooking water used (200 ml in present study vs. 250 – 500 ml in Díaz et al. (2004) study) and 
the preparation of raw vegetables (peeled, not diced/cut and washed) prior to boiling process. 
Whilst, the vegetables in the present study were diced to reduce the cooking time; skin was 
not removed and vegetable were pre-washed.  
Overall, using the As-contaminated water in preparation of vegetables has transferred the As 
from the water to the vegetables through washing and the effects were greater when the 
washed vegetables were boiled at higher temperature using As-contaminated water from the 
same source. 
 The effect of washing and cooking fresf foodstuffs: other trace elements 5.1.4.2
In the second experiment, the washing and cooking with control tap water decreased the Mo 
levels in the raw vegetables by 4 – 21%, depending on the type of vegetable (Figure 5.10a). 
However, the concentrations were remarkably increased to 2 - 111% (EC1) and 22 - 600% 
(EC 2) after all vegetables were washed with well water containing 57. 4 µg/l Mo (EC 1) and 
799.8 µg/l (EC 2) (Figure 5.10b and 5.10c). The Mo concentrations were rapidly increased 
when the vegetables were boiled for 5 min and further extended cooking times led to the 
maximum concentration of Mo in the cooked vegetables. In the case of cooking using 
Eduardo Castex well water, the retention of Mo (percentage increase) following the order; 
onion (0.38 – 2.35 mg/kg d.w.) > carrots (0.58 – 3.96 mg/kg d.w.) > potatoes (0.38 – 1.55 
mg/kg d.w.).  
The vanadium content in raw carrots (0.67 mg/kg d.w.) and potatoes (0.41 mg/kg d.w.) were 
one order of magnitude higher than the raw vegetables in the first experiment, while the 
original values in raw onion were 0.36 mg/kg d.w. Unlike As, onion samples showed a 
significant absorption of vanadium (29% increase over the original content) during washing, 
even at very low concentrations in the water (control: 6.93 µg/l V). However, vanadium 
levels in both carrots and potatoes were consistently reduced after being washed with tap 
water (Figure 5.11a). The washed vegetables (onion, carrots and potatoes) using water from 
Eduardo Castex (EC 1 and EC 2) displayed similar trends to As in terms of percentage 
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increase and uptake of V, although the effects were higher in absolute values due to the 
greater levels of V in the EC water. When the vegetables washed with waters from EC 1 and 
EC 2 were boiled for 5 minutes, the vanadium levels were increased significantly as shown in 
the Figure 5.11 (b and c). The V uptake seemed to further increase when the cooking time 
was extended to 10 minutes. 
 
 
Figure 5.10 Comparison of mean Mo concentrations (n=3) in raw, washed and cooked 
foodstuffs using different water sources (control, EC 1 and EC 2). The 
percentage (%) in italics represents the increase in As levels compared to the 
raw content. 
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Overall, the concentrations of V (d.w.) in vegetables after cooking in EC 1 were 4.46 – 8.36 
mg/kg (onion), 8.59 – 11.22 mg/kg (carrots) and 5.09 – 6.58 mg/kg, whilst in EC 2 the 
concentrations were 11.03 mg/kg (onion), 20.16 – 24.31 mg/kg (carrots) and 9.80 – 12.75 
mg/kg (potatoes). 
 
 
 
Figure 5.11 Comparison of mean V concentrations (n=3) in raw, washed and cooked 
foodstuffs using control tap and Eduado Castex (EC) well waters. The 
percentage (%) in italics represents the increase in V levels compared to the 
raw content. 
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To date, the contamination of V in the environment is less commonly reported in the peer-
reviewed literature. Thus, it was difficult to make a direct comparison for the results of the 
present study, especially regarding the use of water containing high levels of V in the food 
preparation. To the best of our knowledge, this is the first study addressing the contamination 
of V in vegetables during the food preparation using high levels of V in water.  
Nevertheless some studies have assessed V concentration in foodstuffs grown on 
contaminated soils and irrigated with water with high levels of V; Shirkhanloo et al. (2015) 
reported high V levels in different group of vegetables (mean: 0.093 mg/kg d.w.) cultivated 
on contaminated soil (0.457±0.027 mg/kg V) and irrigated with V polluted sewage and waste 
water (182.23 ±7.45 μg/l V) in the industrial area of Shahre-Ray (Tehran, Iran). A total diet 
study in Yaoundé (Cameroon) by Gimou et al. (2014) found that cereal and cereal products 
contained much higher V concentrations (0.029 – 0.034 mg/kg fresh weight) than tuber and 
starches (0.004 – 0.013 mg/kg f.w.) or fruits, vegetables and oilseed (0.015 – 0.023 mg/kg 
f.w.) after foodstuff were boiled, although it must be noted that the study by Gimou et al. 
(2014) did not assessed specifically the effect of cooking on the elemental content.  
In the second experiment, the original Fe concentrations found in raw potatoes (67.90 mg/kg 
d.w.) and carrots (62.58 mg/kg d.w.) were higher than for the scoping experiment. It could be 
due to the different varieties that have been analysed during both studies, as suggested by 
Andre et al. (2015), who studied 74 potato cultivars in South America and found that the iron 
contents were varied from 29.87 to 154.96 mg/kg d.w. The Fe levels in the carrots used in the 
present study were comparable to the values reported by Návesník et al. (2016) who have 
found Fe content much greater in self-grown (2.54–71.2 mg/kg f.w.) carrots compared to 
conventional (1.25–15.8 mg/kg f.w.) and organic (0.58 – 31.0 mg/kg f.w.) grown carrots.  
Overall, the levels of Mn, Fe and Zn (Figure 5.12A, 5.12B, 5.13D) in all vegetables presented 
a decreasing trend after washing and cooking, similarly to the findings in the scoping 
experiments using well water from GSM 2. The cooking time caused some variability in the 
elemental contents in the cooked vegetables. However, it was noticeable that Zn in onion was 
increased after have been cooked for 5 minutes and reduced when the cooking time was 
increased.  
In addition, the Cu was found to increase up to 74% even when using control tap water after 
cooking for 5 minutes and the levels were reduced when the cooking time was extended for 
another 5 minutes (Figure 5.13C). The findings were in agreement with previous studies 
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reported by Ikanone and Oyekan (2014), where Cu was increased for about 79% in the Irish 
potatoes by boiling. In contrast, Cu in the edible leafy vegetables was reduced when exposed 
to heating process through boiling (Ifemeje, 2015). Overall, minerals in the vegetables were 
leached out after pre-washed and cooking under heating process when using low levels of 
these elements in the food preparation.  
 
 
 
Figure 5.12 Comparison of the mean concentrations (n=3) of Mn (A1 – A3) and Fe (B1 – 
B3) in raw, washed and cooked foodstuffs using different water sources (1: 
control, 2, Eduardo Castex: EC 1, 3: EC 2). 
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Figure 5.13 Comparison of the mean concentrations (n=3) of Cu (C1 – C3) and Zn (D1 – 
D3) in raw, washed and cooked foodstuffs using different water sources (1: 
control, 2: EC 1, 3: EC 2). 
 
 Estimation of elemental daily dietary intake from vegetables 5.1.5
Consumption of 400 g of fruit and vegetables (raw or cooked) as part of daily diet could 
protect human body from chronic diseases and mineral deficiency (World Health 
Organization, 1990). This is due to the fact that fruits and vegetable provide a wide range of 
components (eg; fibre, vitamins and minerals) with nutritional health benefits (Lock et al., 
2004; Fabbri & Crosby, 2016). This recommendation does not include starchy vegetables like 
potatoes and other tubers, and therefore previous studies have excluded the potatoes from 
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vegetables category for estimation of elemental daily intake (Gimou et al., 2014). Potatoes 
currently represent the second staple food after wheat in Argentina and they are heavily 
consumed with food consumption percentages between 80–90% of total production (FAO, 
2004; Feeney & MacClay, 2016; Sigrist et al., 2016). Thus, as part of this work elemental 
daily intake for both non-starchy and starchy vegetables were estimated separately as 
potatoes were commonly served with other vegetables for daily consumption (Painter et al., 
2002). In the present study, the elemental intake from carrots and onion will be combined as 
part of the intake of non-starchy vegetables, following the food grouping reported by Feeney 
and MacClay (2016). 
 Consumption of arsenic from vegetables 5.1.5.1
All elementals concentration in onion, carrots and potatoes were converted to fresh weight 
(f.w.); the conversion to fresh weight will enable the comparison between the present study 
and other previous reports for other As-endemic countries like Argentina. In order to evaluate 
the ingestion of total arsenic (AsT) from vegetables, the daily intake was calculated by 
multiplying the concentration of elements (in water or food expressed as fresh weight) by the 
daily rate consumption (water in litres/day; food in g/day). The AsT daily intake from 
vegetables (starchy and non-starchy) and drinking water is shown in the Table 5.3. The 
estimation of As daily intake from washed and cooked foodstuffs was 7.3 – 15.3 and 10.5 - 
21.5 times greater than the intake from the raw non-starchy and starchy vegetables, 
respectively. This suggests the importance of assessing the As intake from cooked foodstuffs 
rather than the raw produces (mostly reported in the literature) as food preparation (washing 
and cooking) has significantly increased the As intake derived from food. 
The most comparable study was done by Del Razo et al. (2002) in rural villages of Region 
Lagunera (Mexico). The AsT daily intake for cooked potatoes using control tap water (mean: 
3 µg/day) in our study was in agreement to the findings for low As exposure villages in 
Mexico (mean: 2 µg/day As) but 1.2 – 2.4 times greater than their study for high exposure 
locations (17.9 µg/day). The difference could be due to the high As levels in our well (588 – 
1135 µg/l As) water compared to As levels in their water (mean: 410 µg/l As).  
From the toxicology point of view, the most toxic forms of As are inorganic species (iAs), 
namely arsenite (As
III
) and arsenate (As
V
), which are classified as carcinogenic to human 
health (European Food Safety Authority, 2009). Thus, iAs must be considered when 
estimating the As daily intake from food and drinking water instead of the total As intake. In 
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2010, the Joint FAO/WHO Expert Committee On Food Additives (JECFA) have established 
a 0.5% benchmark dose (BMD0.5) associated with an increased incidence of lung cancer at a 
lower value of 3.0 µg iAs day/kg/ body weight. This was established from a previous value 
based on the provisional tolerable daily intake (PTDI) of 2.14 µg iAs day/kg/body weight 
(withdrawn). In the previous year, the European Food Safety Authority (EFSA) panel on 
contaminants in the food chain also established a 1% benchmark dose , BMDL1 value of 0.3-
8.0 µg iAs day/kg/bw for an increased risk of cancer of the lung, skin and bladder. 
Furthermore, in terms of reported skin lesions it was suggested that the range of reference 
values should be used in the risk characterisation of iAs (European Food Safety Authority, 
2009). 
 
Table 5.3 Estimation of iAs (f.w.) daily intake of raw and cooked vegetables (non-
starch; B and starchy; C) and drinking water (DW; A) from Eduardo Castex 1 
(EC 1) and 2 (EC 2). Data was compared to reference values of benchmark 
dose of 0.5 %, BMDL0.5 by FAO/WHO (2010). For non-starchy vegetables, 
the estimation was determined based on the average value of As contents in 
the carrots and onion while potatoes for a starchy vegetable. 
 
 
Areas/ 
Ref. 
 
 
Time 
As intake in DWa  
 
(µg/day) 
As intake in non-
starchy 
vegetablesb 
(µg/day)* 
 
As intake in 
starchy 
vegetablesb 
(µg/day)* 
 
Total Estimation daily intake (EDI) 
iAs 
 
(μg As/day/kg BW)d 
  AsT iAs (A) AsT iAs
c (B) AsT iAs
c 
(C) 
(A+B) 
BW 
(A+C) 
BW 
(A+B+C) 
BW 
EC 1 Raw 1176 1014 3 2.1 2 1.4 14.5 14.5 14.5 
5 min 1176 1014 22 15.4 21 14.7 14.7 14.7 14.9 
10 min 1176 1014 40 28 23 16.1 14.9 14.7 15.1 
EC 2 Raw 2271 2168 3 2.1 2 1.4 31.0 31.0 31.0 
5 min 2271 2168 29 20.3 33 23.1 31.3 31.3 31.6 
10 min 2271 2168 46 32.2 43 30.1 31.4 31.4 31.9 
WHO/
FAOe 
DW and 
Food  
 210
f   210
f  210
f 3 3 3 
Note: Ref – references, BW: Body weight.*Actual consumption calculated by Centro de Estudios sobre la Política y Economía de los 
Alimentos in 2013 (non-starchy: 196 g/day; starchy: 144g/day), which reported by Feeney and MacClay (2016). 
a Total As(AsT) or iAs intake from drinking water (concentration, µg/l x 2 l/day). 
b As intake of vegetables (concentration in vegetables, µg/g x rate of consumption, g/day). 
c iAs intake of vegetables was calculated based on 70% conversion factor (AsT in vegetables (µg/day) x 0.70). 
d Estimate of daily intake, EDI (µg day/kg/body weight) = (concentration of iAs x the rate of consumption)/body weight. 
e The recommendation iAs daily intake benchmark dose (BMDL0.5 3 µg/kg/day) by WHO/FAO (JECFA, 2010). 
f BMDL0.5 3 µg/kg/day: 3 x 70 kg = 210 µg/day 
 
In the present study, measured concentration of iAs (As
III
 + As
V
) in water (Chapter 3) was 
used to calculate the As daily intake from drinking water in both rural areas of Eduardo 
Castex (EC) 1 and 2. The total iAs for EC1 (507 µg/l As or 1014 µg/day) and EC 2 (1084 
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µg/l As or 2168 µg/day) were represented about 86% and 96 % of AsT in the well water, 
respectively. 
In the case of vegetables, the proportion of iAs from AsT would depend on the type of 
vegetables, as well as on the preparation process prior consumption. The reported percentages 
of iAs from As-endemic countries for raw onion, carrot and potatoes were found to be 100% 
(Signes-Pastor et al., 2008), 100% (Signes-Pastor et al., 2008) and 58 – 100% (Muñoz et al., 
2002; Williams et al., 2006; Signes-Pastor et al., 2008; Halder et al., 2013), respectively. A 
study carried out in a rural village of northern Chile by Díaz et al. (2004) compared the iAs in 
cooked foodstuffs to the total As content resulted from cooking with distilled water or water 
containing iAs (0.041 and 0.572 µg/l As). The percentage of iAs in vegetables cooking with 
both water types were 97 – 106%, 88 – 102% and 71 - 98% for onion, carrots and potatoes, 
respectively. They also observed an increase in the iAs levels (67 – 100%) in the cooked 
vegetables due to the cooking using As-contaminated water compared to distilled water. In 
addition, the European Food Safety Authority (2009) has considered the possibility of using a 
conversion factor which might provide an estimate of iAs content from the total arsenic data 
due to the lack of iAs data in food were published. The content of inorganic arsenic was 
assumed to be 50 % (best case scenario), 70 % or 100 % (worst case scenario) of the total 
reported arsenic data for foodstuffs. Thus, our study was applied the conversion factor of 
70% as it is considered to best reflect the overall average (Sigrist et al., 2016).  
Table 5.3 shows that consumption of all cooked vegetables using well water from EC 1 and 
EC 2 did not exceed the BMDL0.5 (3 µg/kg/day or 210 µg/day based on 70 kg body weight) 
suggested by JECFA (2010). This indicates that although high levels of As was observed in 
vegetables after cooking with As-contaminated well water, the consumption of cooked 
vegetables alone would not potentially provide a significant health risk to the people residing 
in the Eduardo Castex. However, the total iAs estimation daily intake (EDI) in cooked 
vegetables was 5.3 – 11.3 times greater than 3 µg/kg/day and 8 µg/kg/day (EFSA, 2009; 
JECFA, 2010) when consumed together with drinking water obtained from the same source 
as the cooking water. The cooking of vegetables for longer times will have a slight increase 
in the iAs intake. The iAs intake from drinking water for both areas was contributed for 97.3 
- 99.9% of the total iAs EDI. Thus, residents at the EC 2 location may be more prone to 
arsenicosis as their total iAs EDI was more than twice the value for people living close to the 
EC 1. 
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Díaz et al. (2004) reported the total iAs from different type of vegetables which cooked either 
using distilled water or As- contaminated water from northern Chile (0.041 and 0.572 µg/l 
As). The iAs intake from cooked vegetables in their study ranged from 3-184 µg/day (mean: 
55 µg/day As), significantly higher than the iAs intake estimated in the present study. This 
could be explained by the fact that they have covered a wider range of vegetables including 
maize, which due to their high starch content may incorporates a large quantity of water 
during the boiling process, and therefore accumulate higher concentrations of As. 
Nevertheless, when the consumption of food was combined with drinking water, they 
observed a total mean iAs EDI of 21.4 µg/kg/bw (based on 70 kg body weight) where the 
cooked foods only contributed for about 4 % of the total iAs EDI. This suggest that when the 
levels of As in water are high, drinking is the major contributor to the iAs EDI and the 
consumption of food is less significant.  
 Consumption of other trace elements from vegetables 5.1.5.2
Tables 5.4 and 5.5 report the contribution of drinking water and cooked vegetables (starchy 
or non-starchy) to the total daily intake of V, Mn, Fe, Cu, Zn and Mo. For a population of EC 
2 that used the well water for cooking, the Mo daily intake solely from non-starchy 
vegetables have exceeded the recommended daily intake of 45 µg/day but only show an 
excess intake when the potatoes were cooked under 10 min (in this case potatoes have cut 
into small pieces to reduce the cooking time. In addition, for residents from the EC 2 area the 
estimated intake of Mo via drinking water (1600 µg/day Mo) was close to the  upper tolerable 
intake (2000 µg/day Mo), however if both drinking water and cooked vegetables of EC 2 
were consumed at the same time intake levels can be easily exceeded (Table 5.4). For the 
sampling locations EC 1, although the ingestion of Mo from both foodstuffs and drinking 
water does not exceed the maximum tolerable level, it overpasses the recommended daily 
intake of 45 µg/day. 
The intake of vanadium via drinking water alone was 3.68 – 9.02 mg/day, which is 3.1 – 4 
times higher than for As (Tables 5.3 and 5.4) and surpasses the tolerable intake level (1.8 
mg/day) recommended by the Institute of Medicine (IOM, 2000). As discussed in previous 
sections, as V is transferred from cooking water to the vegetables during cooking process, 
when people from rural areas under investigation consumed the vegetables (non-starchy 
and/or starchy vegetables), the ingestion of vanadium can increase around 4-5% (from data in 
Table 5.4). At this time, it is still unclear whether the excess intake of V would be beneficial 
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or have an adverse effect on human health, which will depend on the its oxidation state 
(Crebelli & Leopardi, 2012). 
 
Table 5.4 Estimation of Mo and V (f.w.) daily intake of raw (unwashed/uncooked) and 
cooked vegetables and drinking water from Eduardo Castex 1 (EC 1) and 2 
(EC 2). For non-starchy vegetables, the estimation was determined based on 
the average value of As contents in the carrots and onion while potatoes for a 
starchy vegetable. 
 
Vegetables  Intake (g/day) Mo (µg/day)
a
 V (µg/day)
a
 
EC 1 EC 2 EC 1 EC 2 
Non-starchy  196
b
         
Raw   3 3 11 11 
5 min cooked 10 52 137 329 
10 min cooked  20 67 214 384 
Starchy  144
b
         
Raw   9 9 13 13 
5 min cooked 12 34 161 310 
10 min cooked  15 49 209 404 
Drinking water 2
c
 115 1600 3683 9019 
Recommended daily intake
d
  45 45 ND ND 
Tolerable daily intake
d
  2000 2000 1800
e
 1800
e
 
Note: ND value was not provided due to lack of data showing adverse effects in humans. 
a EDI for food, µg/day is mean concentration of metal in vegetables in fresh weight x daily consumption rate. 
b Actual consumption calculated by Centro de Estudios sobre la Política y Economía de los Alimentos in 2013 , which reported by (Feeney & 
MacClay, 2016).  
c  EDI for drinking water µg/day (mean concentration of elementals in drinking water, µg/l x 2l) (Sigrist et al., 2016).  
d  Summary table from Institute of Medicine (IOM, 2000). 
e Data was derived from laboratory animals showing adverse effects in relation to vanadium uptake; only could be used to set the upper level 
for adult. 
 
The rest of other elements like Mn, Fe, Cu and Zn were found below the recommended daily 
intake (Table 5.5), which came mainly from the consumption of vegetables, since the low 
levels of these elements in the well waters did not contribute significantly to the total 
ingestion (IOM, 2000). Feeney and MacClay (2016) in their study regarding Argentinian 
dietary patterns suggested that an increase of the consumption of non-starchy vegetables from 
196 to 450 g/day could provide vitamins and minerals for human needs. Additionally, the 
washing and cooking of the vegetables may affect the minerals content in the vegetables and 
the nutrients could possibly altered depending on the cooking method (Fabbri & Crosby, 
2016) as it has been confirmed by the results in this study, that showed a significant reduction 
in the intake of Mn, Fe, Cu and Zn from food after washing and cooking (Table 5.5). 
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Table 5.5 Estimation of elemental daily intake (f.w.) from raw (uncooked/unwashed) 
and cooked non-starchy and starchy vegetables using cooking water of control 
(CT) and well water from Eduardo Castex 1 (EC 1) and 2 (EC 2). For non-
starchy vegetables, the intake was estimated based on the average elemental 
concentrations in the carrots and onions. 
 
Vegetables  Intake 
(g/d) 
Mn  
(µg/day)
a
 
Fe  
(µg/day)
a
 
Cu  
(µg/day)
a
 
Zn  
(µg/day)
a
 
EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 EC 1 EC 2 
Non-starchy  196
b
         
Raw   236 236 785 785 189 189 501 501 
5 min cooking  126 144 463 366 302 219 460 431 
10 min cooking  113 120 413 329 311 261 413 383 
 
Starchy 
 
144
b
                 
Raw   332 332 2151 2151 131 131 417 417 
5 min cooking  286 236 2022 1589 187 131 266 360 
10 min cooking  247 195 1723 1487 222 228 245 308 
Drinking water 2 l
c
 1.4 1.96 53.9 47 2.9 2.2 76.8 34.7 
Recommended 
daily intake
d
 
 2300 (M) 
1800 (F) 
8000 900 11000 (M) 
8000 (F) 
Tolerable daily 
intake
d
 
 11000 45000 10000 40000 
Note: M – male, F - female 
a Elemental daily intake (in µg/day, is the mean concentration of metal in vegetables expressed as fresh weight × daily consumption rate). 
b Consumption calculated by Centro de Estudios sobre la Política y Economía de los Alimentos in 2013, reported by Feeney & MacClay 
(2016).  
c Elemental daily intake, for drinking water µg/day (mean concentration of elementals in drinking water × 2 l) (Sigrist et al., 2016). 
d Summary table from Food and Nutrition Board, Institute of Medicine, National Academies (Institute of Medicine, 2000). 
 
 Dried foodstuff - Rice 5.2
 Raw rice 5.2.1
The arsenic in rice may vary significantly depending on the rice type, cultivar, season, 
geography, flooding type and agricultural practice (Meharg & Rahman, 2003; Meharg et al., 
2009; Norton et al., 2012; Shrivastava et al., 2016). Moreover, the accumulation of As maybe 
enhanced when the rice is grown on As-contaminated soil and continuously irrigated with 
polluted groundwater (Meharg & Rahman, 2003; Williams et al., 2005). Thus, evaluation of 
As in the rice produced and consumed different countries is necessary to give an overview of 
the risk that the ingestion of the rice may pose, since it is a staple food for more than half of 
world population (Gross & Zhao, 2014). A novel aspect of this study, is the investigation of 
the effect of using contaminated water in the preparation of rice (washing and/or cooking) to 
its contribution to the As-dietary intake. 
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 Total arsenic in rice from commercial samples 5.2.1.1
Table 5.6 shows the comparison of the concentration of As and other trace elements found in 
the raw rice in present study with the findings reported in the previous studies.The mean total 
arsenic (AsT) concentration in the polished raw across the countries followed this order; 
Argentina (0.10 mg/kg d.w.) > Malaysia (0.07 mg/kg d.w.) > Italy (0.060 mg/kg d.w.) > 
Pakistan (0.059 mg/kg d.w) > India (0.056 mg/kg d.w) > USA (0.050 mg/kg d.w) > Taiwan 
(0.047 mg/kg d.w) > Thailand (0.040 mg/kg d.w). This has suggested that As in raw rice 
were varied significantly due to the geographical location even the analysis was based on the 
rice that purchased from market basket (Meharg et al., 2009).  
Rice grown in Argentina, specifically from Corrientes (north of Argentina), contained the 
highest level of AsT among the rice investigated across the countries with a level of 0.151 
mg/kg As d.w. However, this value is considerably lower than the mean value of rice grain 
(0.325 mg/kg As) collected from a paddy field of Entre Ríos (north-eastern of Argentina) as 
reported by Quintero et al. (2014), but within the As range (0.087 - 0.316 mg/kg f.w.) that 
reported by Sigrist et al. (2016) for raw rice marketed in Santa Fe province (Argentina). In 
contrast, we found that rice from Misiones and Entre Rios (based on the information from the 
rice packaging) were found low in the AsT concentration. The difference could possibly be 
due to the different location of rice production as well as the source of irrigation water or the 
growing soil.  
Quintero et al. (2014) found significant variation in the As (species) concentration of rice 
grain (cultivar Cambá) collected from Entre Ríos and suggested that the origin of the As in 
the rice may be attributed to the soil rather than irrigation water (25 µg/l As). In general, the 
rice producing areas in Argentina are concentrated on the north-east of the country and the 
irrigation system used differs between provinces. Other than that, the lower levels of AsT in 
Argentinian white rice could also be due to the polishing process which may have removed 
AsT from the outer grain (Meharg et al., 2008). Naito et al. (2015) observed a total reduction 
of 16 – 25% AsT when milling 5% of outer layers from brown rice to produce white rice with 
95% degree of polishing (DP 95%); the AsT was further reduced for another 17 – 28 % after 
white polishing to 10% (DP 90%). Thus, it is not possible to provide any solid explanation to 
the concentrations of As in the raw rice that analysed in the present study, as the samples 
were taken from Argentina market and not directly from the production areas, where it could 
have been possible to measure the As in all the environmental media (water, irrigation water 
and soil) to justify our findings. 
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Regarding Malaysian rice, white polished rice and brown rice were purchased from the 
Malaysia‘s local supermarkets and brought to the University of Surrey (UK) for further 
investigation. The AsT in polished white rice (0.04 – 0.11 mg/kg d.w.) was found to be lower 
than the brown rice (mean: 0.119, range: 0.106-0.125 mg/kg As d.w.) from the same 
cultivation areas, which is in agreement with the reported findings from other studies 
(Meharg et al., 2008; Nookabkaew et al., 2013; Rahman et al., 2014a; Naito et al., 2015). 
Interestingly, a sample of white polished rice from the west of Malaysia had the highest value 
(0.10 mg/kg d.w.) for AsT, which was similar to that for brown rice (0.11 mg/kg w.t.) 
collected from the ‗rice bowl of Malaysia‘ located in the north of the country. In addition, the 
As concentrations in all white rice from the west region were slightly higher than the white 
rice grown in the north part. This could possible due to the different in the type of  rice 
varieties although no significant different was reported in the cooked rice from the two rice 
origin under similar cooking treatment (Praveena & Omar, 2017). 
Moreover, one of the white Malaysian rice was wet-dehusked rice  has  showed a low AsT 
content, which suggest the use of As-free water for treatment during dehusking. This 
contrasts, with the results reported by Signes et al. (2008) who compared the wet, which 
comprises soaking and boiling, and dry dehusking processes and found more AsT in the wet-
dehusked rice, due to the use of water containing 40 µg/l As (15.4 % As contents increase 
compared to paddy rice). As values in Malaysian rice obtained in this research are similar to 
those reported by Nookabkaew et al. (2013); (n=3, range = 0.08 - 0.123 mg/kg As d.w.), 
although the present study includes a larger number of samples; n=16. For brown rice, our 
findings fit within the values reported by Antoine et l. (2012), who compared the rice 
produced from Jamaica and other commercial rice samples from diverse origins (mostly from 
Asia and USA countries). However, the concentrations of the brown rice obtained here were 
low compared to the brown rice produced from countries like Australia and India, which 
contained 0.16 – 0.46 mg/kg As d.w. (Rahman et al., 2014a) and 0.01 – 0.64 mg/kg d.w. As 
(Halder et al., 2012), respectively. 
Finally, the raw rice samples produced in other countries were purchased from the British 
market and analysed. The mean values of As for rice produced in India, Italy, Pakistan, 
Taiwan, Thailand and United States of America (USA) fall between 0.04 to 0.06 mg/kg As 
d.w., which fit within the range values reported in the literature (Table 5.6), however the 
concentrations were considerably lower for Italy, Taiwan and USA. This could be possibly 
due to the small sample sizes (n≤3) analysed throughout this study.   
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Overall, all samples analysed in this study could be considered safe for human consumption 
as the arsenic concentrations lie below the maximum global normal range (0.08 to 0.20 
mg/kg As d.w.) as suggested by Zavala and Duxbury (2008).  
 Other trace elements in rice from commercial samples 5.2.1.2
In the present study, other trace elements were also measured in the raw rice; the results are 
summarised in Table 5.6 together with data from other works. It must be noted that it was 
difficult to compare the results, since the available peer-reviewed literature on rice analysis 
and composition is focussed mainly on toxic elements (As, Hg, Cd and Pb; Lin, et al., 2004; 
Qian et al., 2010; Domingo, 2011). In general, all the other trace elements (Mn, Fe, Cu, Zn 
and Mo) were within the reported ranges by other studies. It was also noticeable that rice 
from Argentina have the highest V contents compared to other countries, just followed by 
mean V concentration reported in rice available in the Jamaican market (Antoine et al., 
2012).  
Regarding the brown rice, all of other trace elements in the present study, except V and Fe, 
were found within the concentration ranges reported by Antoine et al. (2012). In addition, the 
elemental content of the brown rice was found higher than the polished white rice for 
Malaysian rice. This findings are in line with previous studies, where it has been reported that 
the minerals (Mn, Fe, Cu and Zn) were preferentially localized at the surface of the rice grain 
as similar to arsenic, in the region corresponding to outermost part of the rice (Meharg et al., 
2008). Thus, the polishing processes to produce white rice reduce the elemental content in 
polished white rice. The impact of washing and cooking rice using groundwater from As-rich 
areas in Argentina is assessed in the following section. 
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Table 5.6 Mean and range (values in bracket) of elemental concentrations (mg/kg d.w.) in rice from this study compared to previously 
reported values in other studies of commercial samples.  
 
Country 
origin 
n As V Mn Fe Cu Zn Mo Reference 
White rice 
Arab Saudi  NS   9.8 84.1 7.82 27.8  Ali &  
Al-Qahtani, 
(2012) 
Argentina 10 0.100 
(0.05-0.15) 
0.016 
(0.006-0.04) 
14.3 
(9.1-22.3) 
3.13 
(2.07-4.14) 
1.98 
(0.94 -2.95) 
15.0 
(9.8-19.0) 
0.63 
(0.44-0.97) 
This study 
 27 0.18 
(0.087-0.316)*       
Sigrist et al. 
(2016) 
Australia 21   24.4 
(9.2-51.7) 
 2.90 
(1.00-9.40) 
17.1 
(10.9-14.5) 
 Rahman et al. 
(2014b) 
 6 0.234-0.301       Rahman et al. 
(2014a) 
India 2 0.056 
(0.052-0.060) 
0.007 
(0.006-0.008) 
9.4 
(7.5-11.4) 
4.84 
(4.54-144) 
2.28 
(1.88-2.68) 
14.8 
(13.6-16.0) 
0.77 
(0.61-0.93) 
This study 
 15   5.9 
(2.7–7.4) 
 5.90 
(2.30–11.80) 
13.5 
(6.9-18.8) 
 Rahman et al. 
(2014b) 
 21 0.063 
(0.010–0.119) 
    11.5 
(4.7–21.6) 
 Rowell et al. 
(2014) 
Italy  1 0.060 0.009 6.5 6.00 2.54 8.75 0.72 This study 
 6   8.0 
(5.9-10.3) 
 5.80 
(1.30–13.00) 
15.2 
(11.7-18.9) 
 Rahman et al. 
(2014b) 
 6 0.142 
(0.102–0.208) 
    17.2 
(11.7–19.4) 
 Rowell et al. 
(2014) 
 101  (0.070–0.470)     (4.8-20.8)  Sommella et 
al.(2013) 
Jamaica
a
  
 
16 0.200 
(0.11–0.487) 
0.037 
(<0.017–0.072) 
10.5 
(5.0–17.1) 
22.30 
(<3.10–153) 
1.65 
(<0.77-2.72) 
15.6 
(12.6–19.0) 
0.79 
(0.44-1.62) 
Antoine et al. 
(2012) 
Malaysia 13 0.070 
(0.040 - 0.110) 
0.005 
(0.003 - 0.006) 
7.5 
(6.2-10.4) 
6.17 
(1.97-11.31) 
1.47  
(0.84-3.51) 
18.1 
(16.0-20.2) 
0.83 
(0.40-2.01) 
This study 
 3 0.103 
(0.088-0.123) 
      Nookabkaew et 
al. (2013) 
Pakistan 1 0.059 0.007 6.9 6.62 1.06 15.71 1.04 This study 
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Country 
origin 
n As V Mn Fe Cu Zn Mo Reference 
Pakistan 9   7.8 
(7.3-8.7) 
 2.6 
(1.9-3.6) 
16.2 
(14.5-17.1) 
 Rahman et al. 
(2014b) 
 6 0.086 
(0.037-0.170) 
    12.7 
(2.79-19.2) 
 Rowell et al. 
(2014) 
Sri Lanka  0.034  8.7-12.4 16.8–17.6 3.37 21.1 – 22.3 0.82-0.89 Ayasekera 
(2005) 
Taiwan 3 0.047 
(0.40-0.050) 
0.005 
(0.005-0.006) 
6.7 
(6.4-6.9) 
2.59 
(2.12- 3.19) 
3.50 
(2.91 - 3.95) 
17.9 
(16.1 - 19.2) 
0.421 
(0.36-0.49) 
This study 
 280 0.047 
(<0.100-0.63) 
   2.20 
(<0.05-7.60) 
14.6 
(<0.05-70.1) 
 Lin et al. (2004) 
 51 0.116  
(0.077-0.156) 
      Chen et al. 
(2016) 
Thailand  9 0.04 
(0.03-0.05) 
0.005 
(0.005 - 0.01) 
9.71 
(6.19-13.28) 
2.4 
(1.6-3.7) 
1.71 
(1.17-2.32) 
18.1 
(14.8-19.5) 
0.45 
(0.30-0.73) 
This study 
 79 0.139 
(0.023-0.304) 
      Nookabkaew et 
al. (2013) 
 12   7.9 
(6.2–10.0) 
 3.5 
(2.0-6.8) 
17.8 
(14.1-22.4) 
 Rahman et al. 
(2014b) 
 6 0.128 
(0.748–0.244) 
    13.5 
(4.40-20.3) 
 Rowell et al. 
(2014) 
USA 3 0.05 
(0.05-0.06) 
0.007 
(0.007-0.008) 
10.02 
(9.0-11.2) 
2.90 
(2.47-3.63) 
2.42 
(1.98-2.67) 
12.6 
(11.3-13.7) 
0.40 
(0.37-0.43) 
This study 
 7 0.149 
(0.051-0.258) 
    13.5 
(5.9–29.9) 
 Rowell et al. 
(2014) 
Brown rice 
Australia 9 0.16-0.46       (Rahman et al., 
2014a) 
India 157 0.01 – 0.64       (Halder et al., 
2012) 
 
Malaysia  3 0.119 
(0.106-0.125) 
0.007 
(0.006-0.009) 
19.6 
(19.6-20.8) 
10.95 
(10.45-11.31) 
2.36 
(1.39-2.89) 
21.1 
(20.1-21.9) 
1.13 
(0.66-1.23) 
This study 
Jamaica
a 
market 
9 0.165 
(0.082–0.250) 
0.060 
(<0.020–0.090) 
26.5 
(5.2–43.5) 
20.1 
(12.8–38.2) 
2.96 
(1.60–4.74) 
20.2 
(16.6–24.5) 
0.77 
(0.45-1.20) 
Antoine et al. 
(2012) 
*fresh weight, mg/kg, arice collected from Jamaica‘s market which originated from many countries. 
Chapter 5: Total trace elements in Argentine foodstuffs 
 
198 
 
 Traditional method for rice preparation 5.3
 Preliminary study 5.3.1
As per the fresh foodstuffs (section 5.1.3), a scoping study was carried out to assess the 
effects of washing and cooking on the elemental concentrations in rice using water (General 
San Martín, GSM 1 – 3, and southern of Buenos Aires, BA 1 and BA 2) containing various 
levels of trace elements, as reported in Table 5.2. 
 The effect of washing and cooking on rice: As 5.3.1.1
Overall, washing and cooking using naturally As-contaminated water (39.05 -319.40 µg/l As) 
have significantly risen the As levels in the washed and cooked rice as the levels in water 
(Table 5.2; section 5.1.1) were increased. The increment of As levels in raw rice ranged from 
5 - 113% following washing and further increased to 112% - 1247% after cooking (Figure 
5.14a). In contrast, Signes et al. (2008b) have observed a As reduction up to 16.4% 
(depending on the rice type) compared to the raw rice when using water containing 40 µg/l 
As for washing. Although our study also using similar concentration of water (GSM 1, 39.05 
µg/l As) to that study, the washed rice showed an increase in the As content about 5 %. The 
increased probably due to the method of washing step, where rice washing more extensive 
and done 5 - 6 times (water was discarded every washing step; 1 rice: 5 water) until the 
washing water become clear. Whilst in our study, rice was washed by soaking the rice in the 
water (1 rice: 2.5 water) for 5 minutes and only discarded at the end of washing time. This 
suggests that As in the raw rice was removed during the washing steps in their study, whereas 
when the washing water was not changed, the As from the water may transfer to the rice 
grain.  
Subsequently, the cooking of the washed rice increased further the levels of As in cooked rice 
due the incorporation of large amounts of water during the boiling process. Starch-rich foods 
(> 80 %), especially the cereal grains, are known to absorb large quantities of water to during 
gelatinization of starch in the boiling process (Díaz et al., 2004). Moreover, the results here 
showed that heating treatment contributes significantly to increase the As concentration in 
rice when the cooking water contains high levels of As, since As uptake observed during 
cooking was 4 - 9 times higher than during the washing process (Figure 5.14b). 
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Figure 5.14 The mean As concentrations (n=3) in the rice before (raw) and after the 
washing and cooking with various levels of As-contaminated well water (a). 
The As uptake([metal retained by foodstuff / metal available in water]×100) in 
washed and cooked rice were showed in (b). The percentage (%) in italics 
represents the increase in As levels compared to the raw content. 
 
 The effect of washing and cooking on rice: other trace elements 5.3.1.2
The mean concentrations (expressed as dry weight) of the other trace elements of interest in 
the raw rice prior to treatment were; 0.027 mg/kg V, 11.34 mg/kg Mn, 3.49 mg/kg Fe, 1.44 
mg/kg Cu, 14.75 mg/kg Zn and 0.72 mg/kg Mo, which fit within the levels reported in the 
literature (Table 5.6). When the effect of washing and cooking was assessed, vanadium 
showed (Figure 5.15a) a similar pattern to As (Figure 5.14) but the increase was much greater 
for both preparation steps due to the fact that the levels in the water of V were higher than As 
(Table 5.2).  
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Figure 5.15 The mean V concentrations (n=3) in the rice before (raw) and after the 
washing and cooking with various levels of As-contaminated well water. The 
V uptake ([metal retained by foodstuff / metal available in water]×100) in 
washed and cooked rice were showed in (b). The percentage (%) in italics 
represents the increase in V levels compared to the raw content. 
 
Interestingly, rice showed a contrary to retain more V from the water used for washing than 
the cooking, which V uptake were ranged between 88-153 % for washing and 16-48 % for 
cooking (Figure 5.15b). This would suggest that contrary to what was observed for As, 
heating may not play an important role in the accumulation of V in rice, and additionally that 
the retention mechanism of both elements, As and V, may also differ.  
For the other trace elements of interest, rice washing and cooking decreased significantly 
their levels in rice (Figure 5.16), although this general trend was not always true for Mo, 
which it showed a 34.6 % increase in the cooked rice when water from GSM 3 (85.04 µg/l 
Mo) was used (Figure 5.16 1B). In addition, Cu only showed a reduction in rice (24 – 48 %) 
after washing but not when the washed rice was cooked (8 – 57 %). The total reduction by 
washing for Mn, Fe and Zn were 42 – 44 %, 32 – 39 % and 28 – 37 %, respectively. The 
cooking process decreased further the concentration these elements about 9 – 11 %, 8 – 14 % 
and 6 – 14 % for Mn, Fe and Zn, respectively. The only exception was the rice prepared with 
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water from GSM 1 (2745.2 µg/l Fe), which showed an increase of about 63 % and 125 % 
following washing and cooking, respectively, compared to the raw content (3.49 mg/kg d.w). 
 
 
 
Figure 5.16 The mean concentration (n=3) of (1) Mo and Cu, (2) Mn, Fe and Zn in the rice 
before (raw) and after the washing (A) and cooking (B) with various levels of 
As-contaminated well water. 
 
 Second study: the effect of washing and cooking rice in highly 5.3.2
contaminated areas using traditional method 
After the scoping experiments using water from General San Martín (GSM 1 – 3) and 
southern of Buenos Aires (BA 1 and BA2), an extended study was carried out assessing the 
effect of washing and cooking using two highly contaminated well waters from Eduardo 
Castex (EC 1 and EC 2), and the results were compared with the control tap water. The 
composition of all water samples used during the food preparation is presented in Table 5.2. 
 The effect of washing and cooking: As  5.3.2.1
In this extended experiment, the rice washing and cooking were evaluated under two different 
rice preparation times, 5+5 minutes and 10+10 minutes, in 1
st
 case the raw rice was washed 
once with the water for 5 minutes and then cooked in the boiling water for 10 minutes while 
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in the 2
nd
 procedure, washing lasted for 10 min plus another 10 min of cooking. Table 5.7 
shows the effect of washing and cooking times on the elemental contents in the rice. The 
composition of the water used for these experiments can be seen in Table 5.2. The As in the 
raw rice (0.054 mg/kg d.w.) was reduced by ca. 17 % after having been washed with the 
control tap water (2.44 µg/l As). Although the reduction of As in the raw rice was 5 % lower 
than value found by Sengupta et al. (2006), it was comparable with the study done by Mihucz 
et al. (2007), who have observed 8 – 17 % As decrease for the long rice grain following 
washing with distilled water. Besides, the increase in the washing time with control water 
from 5 to 10 minutes caused further reduction in the levels of As in raw rice by an additional 
28  %. However, when using highly As-contaminated water from EC 1 (588 µg/l As) and EC 
2 (1135 µg/l As) for washing, the As in the washed rice increased significantly by 85 % and 
215 % during the first 5 minutes and 122 – 289 % after 10 minutes.  
A similar trend was observed after cooking. The cooking of rice with the control tap water 
caused a further decrease in the As levels of 29 % and 70 % for 5 and 10 minutes of cooking 
time, respectively, in comparison with the raw rice. However, after 5 minutes of boiling with 
water from EC1 and EC2, the mean As values in cooked rice were 0.74 mg/kg d.w. and 1.41 
mg/kg d.w., respectively. Extending the washing and cooking times to 10 minutes each, 
increase the concentrations to 2.21 mg/kg d.w. (EC 1) and 2.68 mg/kg d.w. (EC 2), as shown 
in Figure 5.17a. This represents the total As increment of 1380 – 2720 % (5 minutes) and 
4320 – 5260%  (10 minutes) compared to the raw rice (0.05 mg/kg d.w.), suggesting that 
heating treatment has a great influenced on the As uptake in the cooked rice. The As uptake 
from the cooking water were 18.7 – 58.7 % (EC 1) and 19.1 – 37.0 % (EC 2), where the 
highest percentage represents the 10 minutes of the cooking water.   
 The effect of washing and cooking: other trace elements 5.3.2.2
For Mo, washing and cooking the raw rice at both preparation time were considerably have 
lower the Mo content in the rice. Results from Table 5.7 show that more Mo was reduced 
when the time for washing and cooking was increased. The only exception to this was when 
using the water from EC 2 that contained high levels of Mo (800 µg/l) for rice washing and 
cooking. The rice washing has increased the Mo in the raw rice (0.86 m/kg d.w.) by 9 – 10 % 
but showed greater impact (59 – 124 % increased) following washing and cooking. Washing 
of the rice with control tap water has reduced 12 – 22 % and cooking was further reduced the 
concentration for an additional 7 %. However, the reduction was much lower (9 – 14 %) than 
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control tap water when the rice was washed using water from EC 1 (57.4 µg/l Mo). The 
washing and cooking have further decreased the Mo content by 14 % and 5 % after 5 minutes 
and 10 minutes of cooking time, respectively. 
 
 
 
Figure 5.17 The effect of cooking time on the concentration of (a) As and (b) V in the pre-
washed cooked rice using control tap and well waters. 5 min represents 5 min 
of washing + 5 min of cooking and 10 min means 10 min of washing and 10 
mins of cooking. The percentage (%) represents the increase in elemental 
concentration compared to raw rice. 
 
Vanadium displayed a similar trend to As, although higher accumulation was observed in 
absolute terms due to the higher level of V in the water samples (Table 5.2). In addition, the 
increase of V in cooked rice was time dependent (Figure 5.17b). The findings from the 
second experiment has observed V in the washed rice was not consistent with data reported 
for rice washing with the water from the preliminary study where V uptake seems to be more 
influenced by the washing. The difference could attribute to the different of raw rice used 
(not from the same packaging) or the chemistry of the washing water. Surprisingly, the 
increased in the V was observed in the washed rice even washing with low concentration of 
V in the water (control: 6.99 µg/l V). Thus, washing with well water from EC 1 (1182 µg/l 
V) and EC 2 (4510 µg/l V) were further enhanced the uptake of V in the rice which clearly 
shows by the concentration of washed rice that reported in the Table 5. 7. The concentrations 
of V in the cooked rice following washing and cooking for 5 minutes were 0.065 mg/kg d.w. 
(control tap), 6.30 mg/kg d.w. (EC 1) and 20.2 mg/kg d.w (EC 2) whereas 0.07 mg/kg d.w. 
(control tap), 9.48 mg/kg d.w. (EC 1) and 32.36 mg/kg d.w for rice that washed and cooked 
for 10 minutes.  
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Table 5.7 The effect of washing and cooking times on the elemental contents in the rice using control tap water (General Roca) and well 
water from Eduardo Castex (EC) rural well waters, expressed as average ± standard deviation (n=2). 
 
 
Cooking 
water 
 
Preparation 
 
 
Elementals concentration in rice (mg/kg d.w.) 
 
As 
 
V 
 
Mn 
 
Fe 
 
Cu 
 
Zn 
 
Mo 
 Raw  0.054 ± 0.001 0.052 ± 0.001 10.90 ± 0.05 3.60 ± 0.07 2.28 ± 0.01 12.56 ± 0.15 0.86 ± 0.01 
Control 5 min W 0.045 ± 0.003 0.055 ± 0.001 9.87 ± 0.01 2.44 ± 0.07 1.92 ± 0.03 10.43 ± 0.41 0.76 ± 0.03 
5+5 min W+C 0.038 ± 0.003 0.065 ± 0.003 8.18 ± 0.06 1.72 ± 0.01 2.79 ± 0.01 9.56 ± 0.26 0.70 ± 0.01 
10 min W  0.030 ± 0.001 0.06 ± 0.01 8.96 ± 0.01 2.04 ± 0.02 1.85 ± 0.02 9.88 ± 0.08 0.67 ± 0.04 
10+10 min W + C 0.016 ± 0.003 0.070 ± 0.007 5.91 ± 0.08 1.57 ± 0.01 2.63 ± 0.06 8.96 ± 0.04 0.61 ± 0.01 
EC 1 5 min W 0.100 ± 0.005 1.67 ± 0.04 7.83 ± 0.03 1.81 ± 0.06 1.93 ± 0.05 11.20 ± 0.01 0.78 ± 0.01 
5+5 min W+C 0.740 ± 0.02 6.30 ± 0.03 8.01 ± 0.03 1.54 ± 0.06 2.01 ± 0.01 9.20 ± 0.06 0.66 ± 0.01 
10 min W  0.120 ± 0.01 2.89 ± 0.04 7.50 ± 0.09 1.69 ± 0.03 1.49 ± 0.05 10.20 ± 0.08 0.74± 0.02 
10+10 min W + C 2.210 ± 0.11 9.48 ± 0.30 7.01 ± 0.09 1.22 ± 0.03 1.79 ± 0.05 8.77 ± 0.08 0.74 ± 0.02 
EC2 5 min W 0.170 ± 0.001 4.02 ± 0.01 7.63 ± 0.09 2.03 ± 0.01 2.05 ± 0.01 11.48 ± 0.08 0.95 ± 0.04 
5+5 min W+C 1.410 ± 0.01 20.25 ± 0.02 9.66 ± 0.05 1.55 ± 0.05 2.31 ± 0.09 9.43 ± 0.19 1.37 ± 0.03 
10 min W  0.210 ± 0.003 8.15 ± 0.06 7.00 ± 0.01 1.60 ± 0.07 1.81 ± 0.03 10.12 ± 0.41 0.94 ± 0.03 
10+10 min W+C 2.680 ± 0.05 32.36 ± 0.07 7.32 ± 0.08 1.15 ± 0.01 1.91 ± 0.03 8.46 ± 0.08 1.93 ± 0.07 
W: washed; C: cooked 
5+5 min - 5 minutes of washing and 5 minutes of cooking; 
10+10 min - 10 minutes of washing and 10 minutes of cooking. 
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In comparison to the raw rice, the vanadium in the cooked rice has increased by 25% and 
35% for 5 and 10 minutes of preparation time, respectively. The uptake of V from the 
cooking water to the cooked rice was increased significantly with the increased of V in the 
water.   
Similar trends in the preliminary study were followed for other trace elements like Mn, Fe, 
Cu and Zn. Nevertheless, the percentages of the reduction for each element were varied 
depending on the preparation time. Washing and cooking of the raw rice have reduced 11 – 
46 % Mn, > 50 % of the Fe and 24 – 33% Zn but increased content in the raw rice 1.3 – 22 % 
Cu compared to the raw rice (refer to Table 5.7).  
 Estimation of elementals daily dietary intake from rice 5.3.2.3
 Consumption of arsenic from rice 5.3.2.3.1
In order to evaluate the As daily dietary intake, all elemental concentrations in the raw and 
cooked rice were converted to fresh weight (f.w.). The moisture content of raw rice was 10%, 
whereas 69 - 75 % for the cooked rice. The total arsenic (AsT) daily intake for EC 1 and EC 2 
are tabulated in Table 5.8. Despite the high level of As in cooked rice (0.23 – 0.67 mg/kg As 
f.w.) from both As-contaminated areas (EC 1 and EC 2), the total As daily intake was 
considerably lower than previous studies in Bangladesh (Ohno et al., 2007) and India  
(Roychowdhury et al; 2003). The AsT daily intake derived from the consumption of cooked 
rice in EC 1 ranged between 8.9 µg/day and 21.4 µg/day depending on the cooking time, 
whereas it increased to 17 µg/day and 26 µg/day in EC 2 for 5 and 10 minutes of cooking, 
respectively. These would be equivalent to drinking contaminated water with AsT level of 2.2 
– 10.7 µg/l (EC 1) and 8.5 – 13 µg/l (EC 2) based on 2 litre/day.  
In contrast, Roychowdhury et al. (2003) have reported 174 µg/d of rice due to the daily 
consumption of 0.75 kg of 0.232 mg/kg As in rice. In addition, Ohno et al. (2007) has 
reported cooked rice as a major contribution in total daily As intake (55 %) for As-endemic 
area in Bangladesh when the intake from drinking water was not high (23 µg/d). In their 
study, the As intake from the cooked rice was estimated as 90 µg/day based on 0.69 kg rice 
consumption containing 0.13 mg/kg f.w. As (mean value). Both studies have demonstrated 
that As intake from cooked rice was more depending on the consumption rate rather than the 
concentration in the cooked rice. Therefore, in the case of our study, the contribution of the 
cooked rice in AsT daily intake could be negligible as the rice consumption rate was 17 - 19 
times lower than the previous studies reported in Asia. Inversely, consumption of drinking 
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water that contained the same As levels in that cooking water may have a greater effect to 
human health in both EC 1 and EC 2 areas  (1.18 and 2.27 mg/day AsT based on 2 l/day, 
calculated using formula: concentration of AsT (Table 5.2)  x 2 litres).  
Recently, the maximum level of 0.2 µg/g for iAs in polished rice has been recommended by 
Codex (Codex Alimentarius Commision, 2014) to reduce the human health risk of inorganic 
arsenic. Based on the conversion factor 70% for iAs in food (section 5.1.5.1), rice that has 
been washed and cooked for 5 minutes with water from EC 1 showed a concentration of iAs, 
0.16 mg/kg f.w., which is below the limit suggested by Codex (2014). However, cooking the 
rice for longer periods of time (10 min or more) with water from EC 1 (0.39 mg/kg iAs f.w.) 
resulted in concentrations of iAs in cooked rice exceeding the safe limits for inorganic 
arsenic. In the case the EC 2 location, the safe limits were surpassed for cooked rice 
regardless the time employed for food preparation, 5 min (0.31 mg/kg iAs f.w.) or 10 min 
(0.47 mg/kg iAs f.w.).  
To compare with the reference value of 3.0 µg iAs day/kg/ body weight suggested by 
FAO/WHO (JECFA, 2010) for increased incidence of lung cancer or health risk, all iAs 
intake from drinking water (section 3.3.3) and foodstuffs (including vegetables) were 
combined as reported in Table 5.8. The rice consumption alone would still considered safe 
from incidence of lung cancer as the BMDL0.5 was ≤ 32.2 µg/d (Table 5.8), which below than 
210 µg/d or 3.0 µg/kg/bw for people that have 70 kg of body weight (JECFA, 2010). When 
both drinking water and rice were combined, the total iAs estimate daily intake (EDI) was 
higher than 5.2 – 11.2  times than the reference values by FAO/WHO. In addition, only slight 
increased (0.2 – 1.5 %) was observed in the total EDI iAs when rice, non-starchy vegetables 
and drinking water were consumed together.  
The previous study in another country of South America have reported a total iAs intake from 
food and drinking water of 628.4 ± 335.4 µg/day for 20 residents of Socaire, a rural village in 
northern Chile (Diaz et al., 2015). The large variation was due to the different iAs in drinking 
water that contributed to 26.8 – 92.9 % of total iAs daily intake as well as the difference 
pattern in foods (volume and type) consumption. Cereals namely (wheat, rice and quinoa) 
were found the most contributor to iAs daily intake. In the case of rice, 75 % of the residents 
was consumed rice in their diet, with a minimum intake of 120 g/day or as high as 300 g/day. 
In other study in Bangladesh, Smith et al. (2006) has estimated the daily iAs intake of 2053 
µg/day from drinking water and food, which the value was half the total iAs daily intake in 
our study even the As-contaminated water was containe similar iAs level to EC 1 as in the 
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present study. The differences were attributed to the high daily intake of drinking water (4 
liter/day) and cooked rice (0.75 kg) although the mean iAs concentration was only 0.07 
mg/kg in cooked rice.  
 
Table 5.8 Estimation of iAs (f.w.) daily intake of raw rice(unwashed/uncooked), cooked 
rice (B), cooked vegetables (non-starch; C and starchy; D) and drinking water 
(DW; A) from Eduardo Castex 1 (EC 1) and 2 (EC 2). Data was compared to 
reference values of benchmark dose of 0.5 %, BMDL0.5 by FAO/WHO (2010). 
 
 
Areas/ 
Ref. 
 
 
Time  
AsT in 
rice a 
(µg/day) 
iAs in 
water b 
(µg/day) 
iAs in food 
(µg/day) 
Total iAs EDI 
(μg iAs/day/kg BW)e 
DW 
 
(A) 
Ricec 
 
(B) 
Non- 
starchyd 
(C) 
Starchyd 
 
(D) 
(A) 
BW 
(A+B) 
BW 
(A+B+C) 
BW 
(A+C+D) 
BW 
EC 1 Raw 
rice 
1.9 1014 1.3 2.1 1.4 15.6 15.6 15.7 15.7 
Cooked 
rice  
5 min  
8.9 1014 6.2 15.4 14.7 15.6 15.7 15.9 16.1 
Cooked 
rice 
10 min  
21.4 1014 15 28 16.1 15.6 15.8 16.3 16.3 
EC 2 Raw 
rice 
1.9 2168 1.3 2.1 1.4 33.4 33.4 33.4 33.4 
Cooked 
rice 5 
min  
17.0 2168 12 20.3 23.1 33.4 33.5 33.9 34.0 
Cooked 
rice 
10 min  
26.0 2168 18 32.2 30.1 33.4 33.6 34.1 34.3 
WHO/ 
FAOf 
DW and 
Food 
 210g  210g 210g 210g 3 3 3 3 
Note: Ref – references, BW: body weight; 70 kg, DW:drinking water. 
a Total As intake from rice: (As concentration, µg/g x 38.8 g/day) (Ministerio de Agroindustria, 2016). 
b iAs intake from drinking water: (iAs concentration, µg/l x 2 l; extracted from Table 5.3). 
c iAs intake of rice was calculated based on 70% conversion factor (AsT in rice (µg/day) x 70 %). 
d iAs intake of vegetables (non-starchy and starchy are extracted from Table 5.3). 
e Estimate of daily intake, EDI (µg day/kg/body weight) = (concentration of iAs µg/day x 38.8 g/day)/body weight. 
f The recommendation As daily intake benchmark dose (BMDL0.5 3 µg/kg/day) by WHO/FAO (JECFA, 2010). 
g BMDL0.5 3 µg/kg/day: 3 x 70 kg = 210 µg/day. 
 
Even though the iAs daily intake from vegetables was higher than the rice, the total EDI iAs 
(drinking water + cooked rice + non-starchy vegetables) was found similar when the cooked 
rice was replaced by potatoes (starchy vegetable) (Table 5.8). The similarity was due to high 
iAs in rice with a low consumption rate compared to vegetables (vegetable: 196 or 144 g/day 
vs. rice: 38.8 g/day). Thus, it could be concluded that drinking water is the dominant routes of 
exposure, which contributed to 95.7 – 99.9 % of total estimate iAs daily dietary intake. 
Therefore, the inhabitants of both areas (EC 1 and 2) were potentially to develop the As-
related diseases mostly from ingestion through drinking water as food was less significant in 
the contribution of total EDI for iAs. The risk will be vulnerable if the water was drunk by 
people who have body mass less than 70 kg especially young children.  
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 Consumption of other trace elements from vegetables 5.3.2.3.2
Table 5.9 reports the contribution of drinking water and cooked rice (at different time) to the 
total daily intake of V, Mn, Fe, Cu, Zn and Mo. The Mo daily intake solely of cooked rice 
was insufficient to meet the daily recommended daily intake that required for body. However, 
the intake of 2 litres per day of water even at the concentration of 57.37 µg/l (EC 1) alone 
was 2.5 times greater than the recommended daily intake of 45 µg/day. Thus, the 
combination intake from drinking water and cooked rice would contribute to the an excess in 
the Mo daily intake but only exceeded the upper tolerable daily intake when the drinking 
water containing 0.8 mg/l Mo.  
 
Table 5.9 Estimation of elementals (f.w.) daily intake of raw, cooked rice (at different 
cooking time) and drinking water from Eduardo Castex 1 (EC 1) and 2 (EC 2).  
 
Area/ reference Preparation/ 
Cooking 
time 
Estimation of daily intake, EDI (µg/day)
a
 
Mo V Mn Fe Cu Zn 
N/A Raw rice 30.0 1.8 380.6 125.7 79.6 438.6 
EC 1 Cooked rice 
5 min  
7.9 75.8 96.3 18.5 24.2 110.7 
Cooked rice 
10 min  
7.2 92.0 68.0 11.8 17.4 85.1 
 Drinking 
water (DW)
b
 
115 3683 1 54 3 77 
EC2 Cooked rice 
5 min  
16.5 243.6 116.2 18.6 27.8 113.4 
Cooked rice 
10 min  
18.7 313.9 71.0 11.2 18.5 82.1 
 Drinking 
water (DW)
b
 
1600 9020 2 47 2 35 
Recommended 
daily intake
c
 
Food and 
DW 
45 ND 2300 (M) 
1800 (F) 
8000 900 11000 (M) 
8000 (F) 
Tolerable daily 
intake
c
 
Food and 
DW 
2000 1800
d
 11000 45000 10000 40000 
Note: ND value was not provided due to lack of data showing adverse effects in humans; M – male, F – female. 
a EDI: Estimate of daily intake, EDI (µg day/kg/body weight) = [(concentration of iAs x the rate of consumption)/body weight].The rate 
consumption of cooked rice is 38.8g/person/day (Ministerio de Agroindustria, 2016). 
b Elemental daily intake,  for drinking water µg/day (mean concentration of elementals in drinking water x 2l) (Sigrist et al., 2016) 
c  Summary table from Institute of Medicine (IOM, 2000). 
d  Data was derived from laboratory animals showing adverse effects in relation to vanadium uptake; only could be used to set the upper 
level   for adult.  
 
On the other hand, the daily consumption of V in cooked rice was 2.3– 8.4 % (75.8 - 313.9 
µg/day) greater than daily As intake for EC 1 and 2, but not the major contributor to the total 
EDI of V. This was due to a high V in the drinking water that represent 99.57 – 99.95 % of 
total EDI V intake from drinking water and food. The total V daily intake from both water 
and cooked rice was ranged from 3.76 – 9.33 mg/day, which exceeded the upper tolerable 
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intake of 1.8 mg/day that suggested by Institute of Medicine (IOM, 2000). However, the 
health risk that may developed in human due to an excess in V intake has not yet determined 
following oral exposure although studies in animals have shown chronic effects after exposed 
to high levels of soluble V compound in the drinking water (Assem & Oskarsson, 2015).  
In addition, the daily intake of Mn, Fe, Cu and Zn in cooked rice were found lower than the 
raw rice due to these minerals losses through washing and cooking. The intake of these 
elements was still far below the recommended daily intake although the raw rice was 
considered. Hence, the intake from other source especially from vegetables could enhance the 
dietary intake of these elementals through food consumption. 
 Third studies: the effect of washing and cooking on the elemental 5.3.3
composition of rice  
In this third experiment, two methods of washing prior to cooking were investigated; the first 
included two washing steps, 5 min each, changing the washing water between the two steps 
(C) and the second involved 10 minutes of washing without changing of the water (S). All 
water discarded after the washing process was analysed to evaluate the effect of washing on 
the water that has been used in the rice preparation (Table 5.10). Note that the data regarding 
washing for water from Eduardo Castex (EC2) are only available using method S due to the 
limited amount of water collected during the field work. For rice cooking process, only 
washing method S was employed throughout this study. The water (containing starch) 
discarded after the rice was cooked following a traditional method was also analysed. In 
addition, rice cooking without pre-washed step was also evaluated for comparison purposes 
to the pre-washed cooked rice are also presented in Table 5.10. 
 The composition of the water after washing and cooking rice 5.3.3.1
The total arsenic levels in tap water from General Roca were considered safe, while water 
from three different wells (GSM1, EC1 and 2) exceeded the guidelines established by the 
World Health Organisation (WHO, 2011a) and Código Alimentario Argentino (CAA, 2012) 
of 10 µg/l As, ranging from 48.47 to 1360 µg/l As. In addition, vanadium concentration in 
water was significantly higher in well water compared to tap water with ranged from 188.0 -
2472.9 µg/l and 0.7 µg/l respectively (Table 5.10). On the other hand, the level of Mo in the 
control tap water was below the detection limit of the instrument (0.09 µg/l Mo) while all 
well water samples showed higher concentrations than the former WHO health-based 
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drinking-water guideline, 70 μg/l for molybdenum (WHO, 2011b) except for the well water 
sample from EC2. The other elements included in this study, manganese, iron, copper and 
zinc, did not surpass the drinking water guidance limits set by the WHO (2011a) and 
Argentine authorities (CAA, 2012). 
 Water composition after washing 5.3.3.1.1
As it can be observed in Table 5.10, the total As levels in the control tap (General Roca) 
increased by 203% (n=2) of the initial As concentration following a 5-minute washing step. 
Further washing for another 5 extra minutes with freshly added tap water (5+5 min wash, 
method C) showed little effect on As increment, which accounted for 55% in the second 
washing. Meanwhile, a total of 227% increase was observed when the water was not 
discarded after 5 minutes and kept for 10 minutes of washing (method S). This would suggest 
that washing the rice with As-safe water (1.53 < 10 µg/l As) is able to remove more 
efficiently the As content in the raw rice with 2 consecutive washing steps (5+5 min wash, 
method C) rather than one single longer step (10 min, method S). However, the opposite 
trend was observed for rice washing using well water. The As levels in the washing water 
were reduced 7.6 – 17 % of the initial concentration following rice washing for 5 minutes. As 
such, washing the rice using step (C) has resulted in a total removal 15 – 32 % of the As from 
the water, higher than with only one 10-min washing step (10 – 17 %) (see Table 5.10). The 
results indicated that more As have transferred from the water into the rice grain following 
washing with water containing high levels of As. 
In the case of V, the trend was found similar to As but with much greater effect after the rice 
was washed using both tap and well waters. Using tap water (General Roca), the increment in 
V levels was found higher in the washing water using method C (386 %, combination of both 
washing steps) than method S (279 %). Regardless of washing time, all well water samples 
showed a significant reduction in V levels following rice washing. The levels of V were 
reduced to 4 – 52 % for the first 5 minutes, but showed a total reduction of 23 – 94 % and 20 
– 61% for washing with method C and S, respectively, after 10 minutes. 
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Table 5.10 Elemental concentrations in urban tap water (control) and rural wells La Pampa, Argentina, before (italics and bold) and after 5 
and min of rice washing (washing water, WW). Cooking water (CW) was obtained after rice (either pre-washed using method S 
or non-washed) was cooked for 5 or 10 min. Regulatory guidelines for drinking water are provided for the World Health 
Organisation (WHO) and Código Alimentario Argentino (CAA). The percentage increase (+) or decrease (-) of elemental 
concentrations from original level in water are shown in the bracket. 
 
Type of water 
Concentration (µg/l)  
As V  Mn Fe Cu Zn Mo  
WHO (2011a) 10 NE
a
 400 NE
a
 2000 3000 NE
b
 
Argentina (CAA, 2012) 10 NE 100 300 2000 5000 NE 
 
General Roca, Control 1.53 0.70 0.28 2.08 76.39 37.60 <0.09 
WW- 5 min
c
  
 
4.63±0.04 
(+203%) 
2.87±0.03 
(+307%) 
437.66±3.54  
(+155524%) 
205.93±5.56 
(+9786%) 
13.69±0.25  
(-82%) 
309.17±1.76 
(+722%) 
8.70±0.01 
(+36616%) 
WW- 5+5 min (C)*
# 
 
2.37  
(+55%) 
1.23  
(+74%) 
260.21  
(+924425%) 
34.81  
(+1571%) 
4.21  
(-94%) 
80.80  
(+115%) 
1.86  
(+7741%) 
WW- 10 min (S)* 
 
5.01  
(+227%) 
2.65  
(+276%) 
528.07  
(+187673%) 
336.01 
(+16031%) 
18.06  
(-76%) 
344.38  
(816%) 
9.70  
(+40857%) 
CW- 10min wash*+ 5min cooking  
 
11.05  
(+622%) 
21.41  
(+2983%) 
14.56  
(+5077%) 
3.30  
(+58%) 
13.68  
(-82%) 
20.25 
(-46%) 
3.69  
(+15467%) 
CW- 10min wash* + 10min cooking 
 
14.88  
(+872%) 
28.10  
(+3886%) 
27.05  
(+9520%) 
7.57  
(+263%)  
13.42  
(-82%) 
70.72 
(+88%) 
13.85  
(+58330%) 
CW- No wash + 5min cooking 
 
10.84  
(+608%) 
4.83  
(+586%) 
274.94  
(+97664%) 
62.51  
(+2901%) 
29.98  
(-61%) 
105.78  
(+181%) 
11.84  
(+49860%) 
CW- No wash + 10min cooking 
 
23.93  
(+1464%) 
7.36  
(+945%) 
161.03  
(+57158%) 
52.52  
(+2421%) 
46.21 
(-40%) 
201.54  
(+436%) 
61.59  
(+259828%) 
General San Martín, GSM 1 280.70   1156.17  0.58   7.04   11.89   27.22 70.63  
WW- 5 min
c 
 
259.28±0.47  
(-8%) 
560.67±6.94  
(-52%) 
544.04±0.74  
(+94272%) 
329.11±1.63 
(+4576%) 
28.30±0.19 
(+138%) 
249.20±2.68 
(+815%) 
93.99±2.55  
(+33%) 
WW- 5+5 min (C)*
 # 
 
270.87  
(-7%) 
670.98  
(-42%) 
86.60  
(+14922%)  
13.46  
(+91%) 
20.36  
(+71%) 
3.42  
(-87%) 
3.69  
(-95%) 
WW- 10 min (S)* 
 
240.43  
(-14%) 
456.47  
(-61%) 
564.09  
(+97751%)  
331.71 
(+4613%) 
36.27  
(+205%) 
255.12  
(+837%) 
14.61  
(-79%) 
CW- 10min wash* + 5min cooking  
 
350.70  
(+25%) 
1405.0  
(+22%) 
65.4  
(+11247%) 
19.9  
(+182%) 
95.4  
(+702%) 
87.8  
(+223%) 
133.7  
(+89%) 
CW- 10min wash* + 10min cooking 
 
477.40  
(+70%) 
800.6  
(-31%) 
68.0  
(+11693%) 
14.3  
(+104%) 
66.5  
(+459%) 
189.6  
(+597%) 
223.7  
(+217%) 
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Type of water 
Concentration (µg/l)  
As V  Mn Fe Cu Zn Mo  
General San Martín, GSM 1 
CW- No wash + 5min cooking 
 
545.30  
(+94%)  
671.0  
(-42%) 
853.6  
(+147968%) 
254.6  
(+3517%) 
55.1 
(+363%) 
516.9  
(+1799%) 
308.6  
(+337%) 
CW- No wash + 10min cooking 
 
519.00  
(+85%) 
585  
(-49%) 
887  
(+153831%) 
266  
(+3677%) 
35  
(+191%) 
546  
(+1908%) 
305  
(+331%) 
Eduardo Castex, EC 1 1359.9   2472.9   1.46   17.25   0.84  12.20 1336.2 
WW- 5 min
c 
 
1128.19±1.2  
(-17%)   
2178.20±25.6  
(-4%)  
392.17±4.0  
(+26851%) 
151.01±2.4 
(+775%) 
8.92±0.03 
(+965%) 
79.69±0.37 
(+553%) 
1187.69±10.6  
(-11%) 
WW- 5+5 min (C)*
 # 
 
1137.00  
(-16%) 
2195.8  
(-11%) 
211.6  
(+14445%) 
58.4  
(+238%) 
8.0  
(+858%) 
15.1  
(+24%) 
1224.5  
(-8%) 
WW- 10 min (S)* 
 
1125.70  
(-17%) 
1982.7  
(-20%) 
439.7  
(+30115%) 
182.9  
(+960%) 
7.3  
(+771%) 
67.1  
(+450%) 
1146.8  
(-14%) 
CW- 10min wash* + 5min cooking  
 
1384.67  
(+2%)  
2405.89  
(-3%) 
73.10  
(+4924%) 
22.38  
(+30%) 
13.35  
(+1494%) 
104.06  
(+753%) 
1376.25  
(+3%) 
CW- 10min wash* + 10min cooking 
 
1750.81  
(+29%) 
2030.33  
(-18%) 
62.86  
(+4220%) 
16.84  
(-2%) 
15.45  
(+1744%) 
176.90 
(+1350%) 
1795.85  
(+34%) 
CW- No wash + 5min cooking 
 
1515.79  
(+11%) 
2225.05  
(-10%) 
40.92  
(+2712%) 
28.23  
(+64%) 
37.82  
(+4414%) 
138.88 
(+1039%) 
1415.58  
(+6%) 
CW- No wash + 10min cooking 
 
1925.39  
(+42%) 
1407.40  
(-43%) 
55.15  
(+3690%) 
36.15  
(+110%) 
45.25  
(+5302%) 
351.62 
(+2783%) 
1930.91  
(+45%) 
Eduardo Castex, EC 2 48.47  188.04  0.71  1.55  1.64  14.12 18.23 
WW- 10 min (S)* 
 
 43.60  
(-10%) 
100.40  
(-47%) 
394.10   
(+55403%) 
46.20  
(2876%)  
16.58  
(+904%) 
31.92   
(+126%) 
24.10  
(+32%) 
CW- 10min wash* + 10min cooking 
 
83.94  
(+73%) 
145.15  
(-23%) 
195.27  
(+27397%) 
4.27  
(+175%) 
3.25  
(+98%) 
153.63  
(+988%) 
86.26  
(+373%) 
CW- No wash + 10min cooking 
 
86.24  
(+78%) 
154.80  
(-18%) 
169.50  
(+23769%) 
5.78  
(+272%) 
12.72  
(+674%) 
164.15 
(+1063%) 
99.35  
(+445%) 
Note: NE - not established; a typical level in drinking water is unlikely to cause a health concern, b occurs in drinking water at concentrations well below that reported for health concerns; c rice washing at t=5 minutes 
was similar for both washing steps (D or S);*Washing steps after 5 minutes were continued either by changing the washing water (C) or used the same water (S); # concentration reported for the water after the 
second washing step. 
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For molybdenum, the washing of rice using tap water and EC2 (18.23 µg/l Mo) caused an 
increase in the concentrations in water compared to the initial Mo levels (Table 5.10). 
Interestingly, the increment of the Mo levels in washing water was 4 order of magnitude 
higher in the tap water than the washing water from EC2 using method S. In addition, 
washing water GSM1 also showed a similar increase to EC1 after rice washing at 5 minutes, 
but 95 % of the initial concentration was reduced when the washing time was extended to 10 
minutes using method C. The reduction of Mo levels in washing water also has been 
observed in EC1 using method S with lower percentage reduction of 79 %. When water 
containing > 1mg/l Mo was used in the rice washing, both methods caused a reduction in the 
Mo levels by 19 % using method C and 14 % by method S after 10 minutes of washing. 
These results would suggest that Mo may be removed from the raw rice if the water contains 
low levels of Mo, but it can be significantly absorbed by the rice when the concentrations in 
water are 70 µg/l or higher.  
In contrast, the concentration of Fe, Mn, Cu and Zn in water significantly increased in the 
water, regardless of washing method used. Among these elements, Cu showed a total 
reduction only in the tap water after the rice washing, 82 % (1
st
 washings) in the first 5 
minutes and 94 % (2
nd
 washings) and 76 % after 10 minutes washed using step C and S, 
respectively. The reduction possibly because the Cu levels was 84 – 91 % higher than the 
concentrations in the well water samples (Table 5.10). Overall, it was shown that the 
inorganic chemistry of the water that used during the washing time will significantly affect 
the concentration of the raw rice, depending on the initial concentration of the water, washing 
method (C or S) and the length of time used in the washing procedure.  
 Composition of raw rice before and after washing 5.3.3.1.2
The rice used in this study was a polished long thin grain produced in the humid region at the 
North of Argentina (Entre Ríos). Although rice plants from this area are irrigated with deep 
groundwater, the concentration of arsenic reported in the irrigation water is far lower (25 µg/l 
As; Quintero et al., 2014) than that for the groundwater in La Pampa (Smedley et al., 2002). 
Moreover, the polishing process to produce white rice has been reported to further reduce the 
concentration of As in raw rice (Naito et al., 2015). In this study low concentrations of As, 
0.056 ± 0.004 µg/g As (dry weight) were observed for unwashed raw rice (Table 5.11).  
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Table 5.11 Total elemental concentrations (mean, standard deviation of n=2) in unwashed and washed raw rice using Argentinean tap 
(control from General Roca) and well water (locations GMS, EC1 and EC2). The percentage increase (+) or decrease (-) of 
elemental concentrations for the washed in comparison to unwashed rice are shown in parenthesis. 
 
Washing 
 
Concentration (mg/kg d.w.) 
As V Mn Fe Cu Zn Mo 
Unwashed  0.056±0.004 0.04±0.005 10.07±0.50 2.57±0.05 1.76 ±0.04 10.69±0.50 0.97±0.02 
General Roca, Control 
5 min* 0.041±0.005 (-27) 0.034±0.001 (-15) 8.53±0.01 (-15) 1.73±0.05 (-33) 1.70 ±0.04 (-3) 8.80±0.01 (-18) 0.73±0.01 (-25) 
5+5 min (C) 0.034±0.002 (-39) 0.030±0.001 (-25) 7.50±0.2 (-26) 1.40±0.09 (-46) 1.65 ±0.07 (-6) 7.73±0.40 (-28) 0.75±0.01 (-23) 
10 min (S) 0.037±0.002 (-34) 0.031±0.003 (-23) 7.54±0.1 (-25) 1.38±0.04 (-46) 1.53±0.01 (-13) 8.13±0.20 (-24) 0.79±0.01 (-19) 
General San Martín, GSM1 
5 min* 0.088±0.003 (+57) 1.07±0.04 (+2575) 6.96±0.1 (-31) 1.20±0.01 (-53) 1.64 ±0.04 (-7) 8.99±0.20 (-16) 0.83±0.01 (-14) 
5+5 min (C) 0.12±0.01 (+114) 1.45±0.01 (+3525) 5.46±0.1 (-46) 0.78±0.01 (-70) 1.65±0.02 (-6) 8.08±0.34 (-24) 0.78±0.40 (-19) 
10 min (S) 0.11±0.01 (+96) 1.2±0.01 (+2900) 6.14±0.1 (-39) 0.80±0.04 (-69) 1.67±0.06 (-5) 8.85±0.10 (-17) 0.80±0.02 (-17) 
Eduardo Castex, EC1 
5 min* 0.29±0.02 (+418) 2.18±0.03 (+5350) 6.59±0.01 (-35) 1.38±0.01 (-46) 1.53±0.03 (-13) 9.49±0.10 (-11) 2.03±0.01 (+109) 
5+5 min (C) 0.36±0.01 (+543) 3.59±0.09 (+8875) 5.15±0.2 (-49) 0.71±0.01 (-72) 1.41±0.07 (-20) 8.43±0.10 (-21) 3.30±0.01 (+240) 
10 min (S) 0.31±0.01 (+454) 2.58±0.01 (+6350) 6.35±0.1 (-37) 0.91±0.10 (-65) 1.38±0.03 (-22) 8.63±0.35 (-19) 2.39±0.02 (+146) 
Eduardo Castex, EC2 
10 min (S) 0.060±0.001 (+7) 0.29±0.001 (+625) 8.04±0.10 (-20) 1.85±0.04 (-28) 1.54 ±0.06 (-12) 9.62±0.20 (-10) 0.84±0.01 (-13) 
C: change the washing water after 5 minutes of washing, S: continuously washed using the same water. 
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The value for raw rice was found lower than previously reported for polished long grain 
(Mihucz et al., 2007; Raab et al., 2009; Gray et al., 2016) although within the range stated as 
part of a world-wide investigation, <0.01 – 2.05 µg/g (Rahman & Hasegawa, 2011).  
The effect of washing the raw rice with the different types of water was investigated (Table 
5.11). Using a 1:2.5 rice:water ratio, the total arsenic level of the raw rice was reduced by 
27% after a 5-min of washed using the control tap water (1.53 µg/l As). The concentration of 
As was further reduced down to 39 % of the original concentration after one additional 5-min 
washing step (method C), while it was reduced to 34% with method S (10 min, washing 
water not discarded). This has suggest the effectiveness of As removal by washing using 
method C (2 consecutive washing steps). However, this conclusion must be taken with 
caution, given the closeness of the results (39 vs 34%) and the limited number of replicates 
(n=2).  
In previous studies, Signes et al. (2008b) also observed As reduction in both dry and wet de-
husked rice, namely for atap rice (4.5 to 11.6%) and boiled rice (9.1 to 16.4%) after washing 
until clear (5-6 times) using As-contaminated water from Block Barasat, India (containing 40 
µg/l As). A higher percentage removal of arsenic (28 %) was achieved by Sengupta et al. 
(2006) using similar washing techniques applied to an Indian rice variety using safe cooking 
water (< 3µg/l As). However, both studies have not mentioned the washing time and the 
volume of the water used during washing procedure. In other studies, the washing of long 
grain rice with a water:rice ratio 2:1 (for 2 minutes) using deionised water caused a reduction 
in the arsenic level of 8 to 17% for Chinese and Hungarian rice (Mihucz et al., 2007) and 6 to 
12% decrease (1 rice: 6 water) for rice marketed in US (Gray et al., 2016). However, Raab et 
al. (2009) observed lower As removal (3%) after 6 minutes washing of polished and 
parboiled long grain (1 rice: 6 water ratio). They also observed a < 1% reduction for 
wholegrain long-grain, and reported that polished basmati rice was the most effective in 
reducing As following washing in deionised water.  
On the other hand, when the raw rice was washed using well water samples, the data showed 
an increase in the As levels by 57 % (GSM1) and 418 % (EC1) after 5 minutes washing; 
while the results after 10 minutes of washing for both methods were within the intervals 96 – 
114 % (GSM 1), 454 – 543 % (EC 1) and 7 % (EC 2) (Table 5.11). It must be noted that 
higher increments in the As levels in the washed rice were observed with methods C (2 
consecutive 5-min washes) than for method S with only one 10-min washing steps. Although 
this suggests the rice has a high capacity to retain As at higher concentrations, especially 
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when the washing step was repeated (method C) with freshly added water, the fact that for 
water from EC2 (1359.9 µg/l As) the increment in the second step is lower than in the first 
wash, indicates that retention of As by the rice might be reaching saturation. The data was 
also clearly shows that using local waters with very high levels of arsenic resulted in 
increased levels in the washed rice grains. However, it has been suggested that variations in 
the As removal or accumulations can be attributed to differences in the rice variety, washing 
procedure, water rice ratio, the degree of polishing white rice (Naito et al., 2015) and the As 
levels in the water used in the rice preparation. At the present, although the previous studies 
have reported about As accumulation in the rice, their main concern was on the cooked rice 
rather than the washed rice (see section 5.3.4.1 for details). 
Vanadium concentrations in rice followed a similar trend to As; 5-min washing with control 
tap water resulted in a reduction of 15 % of the initial levels in rice and further reduced by 
23% and 25 % after 10 minutes wash following methods C and S, respectively. The levels in 
the raw rice showed an increase of 5 orders of magnitude when it was washed using well 
water samples containing more than 1 mg/l V (GSM1 and EC1). In addition, vanadium levels 
in the raw rice were increased to 625 % when the V levels in water was 188.0 µg/l. 
In general, similar trends were observed for Mo, Mn, Fe, Cu and Zn, where the levels of these 
elements in raw rice were reduced following washing, regardless of the water sample used. 
However, the total losses of these elements from raw rice (after 10 minutes of washing) were 
found higher by washing with step C compared to washing step S. The only exception to this 
was in the case of the use of water from EC1 containing 800 µg/l; molybdenum levels in the 
washed rice increased to 109 % of its original content (from 0.97 to 2.03 mg/kg Mo d.w.) 
after a 5-min wash and increased further to 240% and 146% after 10 minutes washing, with 
methods C and S, respectively.  
The results for Mn were in good agreement with Mihucz et al. (2010), who reported a 33% 
reduction of the total Mn levels after 6 minutes of washing with deionised water (water: rice, 
6:1) using long grain Chinese and Hungarian rice. On the other hand, Gray et al. (2016) also 
observed a 21% reduction of Mn for polished long-grain from the US market after 3 minutes 
of washing in excess deionised water, which are comparable to results obtained here using 
control tap water (15 – 26 %, Table 5.11).  
In the case of iron,  the levels were reduced by 33 % using control tap water, in contrast to 46 
– 53 % using well water for the first washing in method C (5 minutes). A further reduction of 
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46% was observed after 10 min washing (both methods, C and S) with control tap water, 
while 69 – 70% and 65 – 72 % of Fe were removed from the raw rice that washed with well 
water from GSM and EC1. Interestingly, Gray et al. (2016) reported a 71 – 89 % removal of 
Fe after washing white long-grain rice with 1:6 rice to water ratio using deionised water for 3 
minutes.  
Washing the rice using tap water in this study has resulted in a slight reduction in zinc 
concentration (18 – 24%). These values were higher than those found by Mihucz et al. 
(2010), who observed a -10 to -15% reduction in the zinc levels of Chinese and Hungarian 
rice after washing with deionised water. The percentage reduction was much lower when rice 
was washed using all well water samples, ranging from 11 - 16 % after a 5 minutes wash, 
whereas it range within the intervals 21 – 24 % (method C) and 17 – 19 % (method S) after 
10 minutes of washing. On the other hand, the removal of Cu by rice washing suffered great 
variability. However, it was noticeable that the removal of Cu by the 2-step method C was 
lower than method S when using control tap water containing 76.3 µg/l Cu.  
 The effect of rice cooking 5.3.3.2
In the experiments assessing the effect of cooking on the rice and water compositions, only 
the washed rice from method S (1-step 10-minute washing) was used. The excess cooking 
water (starch) was also collected for analysis in order to evaluate the effectiveness of washing 
and cooking in elemental removal or accumulation and the results for the analyses are 
presented in Table 5.10, while the concentrations in cooked rice are compiled in the Table 
5.12.  
 Arsenic in the cooked rice 5.3.3.2.1
The pre-washed rice (method S) that was cooked using tap water (control from General Roca) 
at a water:rice ratio of 1:6 showed 70% and 71% reduction after cooking at 5 and 10 minutes, 
respectively, in comparison with the As content in unwashed raw rice. However, by 
eliminating the washing step, only 29% (5 min) and 43% (10 minutes) reduction in the As 
content was achieved by cooking. This would suggest that cooking rice by the traditional 
method in high volume of water (1:6, rice:water ratio) could remove As burden in the cooked 
rice using As-safe water, since starch water is discarded after the rice was cooked. To date, 
some researchers have evaluated the reduction in the levels of arsenic (total and species) in 
cooked rice by using safe or low level As water with traditional cooking methods (Sengupta 
et al., 2006; Mihucz et al., 2007, Raab et al., 2009, Pal et al., 2009; Halder et al., 2014; Gray 
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et al., 2016). The present study is in agreement with previous studies in West Bengal India by 
Sengupta et al. (2006) and Pal et al. (2009), who have observed a total reduction of 64 – 84% 
and 89% (based on the difference percentage between concentration in cooked rice and raw 
rice) following washing and rice cooking using As-safe water (< 3 µg/l As).  
In another study, Mihucz et al. (2007) observed 29 – 42 % of As was removed from long 
grain type of Hungarian and Chinese after the rice was boiled 15 minutes using similar rice 
water ratio as in the present study, which fits with the decrease percentages observed here for 
the unwashed rice. On the other hand, Raab et al. (2009) found that As content in raw rice 
was reduced by an average 65% (55 – 72 %) following washing and cooking of several types 
of rice varieties in excess water (1 rice: 6 water ratio). They also reported that Basmati rice 
showed the highest percentage of As removal compared to other rice varieties. 
However, when the rice was washed and cooked with water containing moderate levels of 
As, such as EC2 with 48.47 µg/l As in the present study, the cooked rice showed an increase 
in the As concentration for both unwashed (0.152 mg/kg As d.w.) and pre-washed (0.240 
mg/kg As d.w.). Interestingly, Signes et al. (2008b) reported the use of water containing 40 
µg/l As with a similar cooking method, observing that although the As concentration in rice 
was reduced by washing (4.5 - 11.6 %), the content of As was increased by 28% for atab rice 
while decreased by 13 % for parboiled rice after cooking. Thus, it would suggest the effect of 
washing and cooking may not only depend on the concentrations of As but also on the type of 
rice.  
On the other hand, rice cooking with water containing high levels of As (i.e. well waters from 
GSM1 and EC1) resulted in an increase of As levels in the cooked rice (Table 5.12). This 
may be due to arsenic ‗transfer‘ from the cooking water to the rice grains during the cooking 
processes as suggested by Ohno et al. (2009) and Signes-Pastor et al. (2012), while Bae et al. 
(2002)also indicated that As in the water may be chelated by the rice grain. Ackerman et al. 
(2005) observed that about 89 – 105 % of As in the water was taken up by the rice during 
boiling processes regardless of the type of rice studied. As it can be seen on Table 5.10, 
despite the uptake of As by the rice during cooking, the starch water contained even higher 
As levels than the initial concentration, which would indicate that As was concentrated 
during the cooking process due to evaporation at boiling temperatures (Bae et al., 2002; 
Rahman et al., 2006). 
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Table 5.12 Total elemental concentrations (mean, standard deviation of n=2; mg/kg dry weight) in pre-washed (using method S) and 
unwashed cooked rice using Argentinean tap and well water. The percentage increase (+) or decrease (-) of elemental 
concentrations for the prepared in comparison to raw rice are shown in parenthesis. 
 
Note: *One step washing for 10 minutes (method S) was used prior rice cooking for 5 or 10 minutes 
 
 
 
 
 
 
 
 
  
Preparation 
Concentration (mg/kg d.w.) 
As V Mn Fe Cu Zn Mo 
Raw/unwashed rice 0.056±0.004 0.04±0.005 10.07±0.50 2.57±0.05 1.76 ±0.04 10.69±0.50 0.97±0.02 
General Roca, Control  
Washed rice*+5min cooking 0.017±0.004(-70%) 0.017±0.003(-58%) 6.80±0.05(-32%) 1.31±0.04(-49%) 1.51 ± 0.02(-14%) 8.04±0.45(-25%) 0.66±0.030(-32%) 
Washed rice*+10min cooking 0.016±0.001(-71%) 0.011±0.002(-73%) 6.84±0.01(-32%) 1.20±0.06(-53%) 1.44 ± 0.03(-18%) 7.91±0.07(-26%) 0.60±0.01(-38) 
Unwashed rice+5min cooking 0.040±0.003 (-29%) 0.032±0.004 (-20%) 8.71±0.02(-14%) 2.30±0.13(-11%) 1.65±0.04(-6%) 9.63±0.04(-10%) 0.73±0.01(-25%) 
Unwashed rice +10min cooking 0.032±0.002(-43%) 0.028±0.001(-30%) 6.84±0.04(-32%) 2.06±0.06(-20%) 1.45±0.07(-18%) 8.94±0.45(-16%) 0.64±0.01(-34%) 
General San Martin, GSM 1 
Washed rice*+5min cooking 0.380±0.010(+579%) 5.98±0.06(+14850%) 2.55±0.04(-75%) 0.76±0.12(-70%) 1.26± 0.02(-28%) 6.50 ±0.06(-39%) 0.61±0.01(-37%) 
Washed rice*+10min cooking 0.52±0.007(+829%) 8.39±0.04(+20875%) 5.64±0.11(-44%) 0.71±0.02(-72%) 1.19± 0.01(-32%) 4.24±0.04(-60%) 0.41±0.01(-58%) 
Unwashed rice+5min cooking 0.28±0.010(+400%) 2.75±0.02(+6775%) 6.61±0.07(-34%) 1.81±0.04(-30) 1.48±0.01(-16%) 5.66±0.03(-47%) 0.65±0.03(-33%) 
Unwashed rice +10min cooking 0.50±0.020(+793%) 3.46±0.01(+8550%) 4.97±0.09(-51%) 1.46±0.04(-43%) 1.29±0.05(-27%) 3.29 ±0.05(-69%) 0.45±0.01(-54%) 
Eduardo Castex, EC 1  
Washed rice*+5min cooking 1.17±0.020(+1989%) 12.45±0.20 (+31035%) 5.32±0.13(-47%) 0.76±0.01(-70%) 1.37±0.01(-22%) 7.10±0.20(-34%) 2.41±0.01(+148%) 
Washed rice*+10min cooking 2.04±0.040(+3543%) 18.16±0.10 (+45300%) 4.67±0.06(-54%) 0.70±0.02(-73%) 1.31±0.01(-26%) 5.30±0.20(-50%) 3.68±0.01(+279%) 
Unwashed rice+5min cooking 0.88±0.030(+1471%) 7.97±0.08(+19825%) 5.39±0.13(-46%) 2.08±0.03(-19%) 1.82±0.1(+3%) 8.24±0.08(-23%) 2.25±0.02(+132%) 
Unwashed rice +10min cooking 1.65±0.020(+2846%) 10.69±0.05(+26625%) 7.91±0.09(-21%) 1.86±0.01(-28%) 1.69 ±0.03(-4%) 4.77±0.20 (-55%) 3.30±0.02(+240%) 
Eduardo Castex, EC 2 
Washed rice* +10min cooking 0.240±0.020(+329%) 1.03±0.20(+2745%) 4.41±0.05(-56%) 0.87±0.03(-66%) 1.66±0.05(-6%) 7.56 ±0.02(-29%) 0.44±0.01(-55%) 
Unwashed rice +10min cooking 0.152±0.006(+171%) 0.79±0.01(+1880%) 7.26±0.10(-28%) 1.64±0.03(-36%) 1.90±0.02(+8%) 7.73 ±0.06(-28%) 0.56±0.01(-42%) 
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It should also be pointed out that washing the rice prior cooking resulted in greater As levels 
compared to unwashed cooked rice, as it can be seen on Table 5.12; after 5 min of cooking, 
the total As in the cooked rice was 0.38 – 1.17 mg/kg (d.w.) for pre-washed cooked rice 
while ranged from 0.24 to 0.55 mg/kg (d.w.) for unwashed cooked rice. The As 
concentrations were further increased when cooking extended to 10 min to 0.52 – 2.04 mg/kg 
d.w. As and 0.40 – 1.10 mg/kg d.w. As for pre-washed and unwashed cooked rice, 
respectively. 
A study in Cambodia (O‘Neill et al., 2013) reported arsenic levels of 0.85 to 1.46 mg/kg 
(d.w.) in cooked rice after the raw rice (the weight was not mentioned; concentration was 
0.245 mg/kg As d.w.) was washed twice and cooked in excess As-contaminated water (1.5 
litres containing 1mg/l As) over an open fire for approximately 15 min. They also discarded 
the remaining water following cooking processes. In contrast, Ohno et al. (2009) cooked non-
parboiled rice (0.03 µg/g As) with spiked arsenite or iAs
III
 (1 mg/l) using a non-chlorinated 
treated water and a traditional cooking method. They found that 2.68 mg/kg of the arsenic 
was retained in the cooked rice. The high As levels observed in their study were suggested to 
be due to the type of rice used, moisture content of the rice (before and after cooking) and 
rice-cooking water ratio (1:5).  
Therefore, the findings in the present study clearly provide a unique insight into the problems 
associated with using water with naturally high levels of arsenic for the washing and cooking 
of foodstuffs, and rice in particular, in La Pampa (Argentina). Moreover, it is important to 
evaluate the impact of the other trace elements in the water have on the quality of the cooked 
rice. 
 Other trace element in the cooked rice 5.3.3.2.2
The levels of V in cooked rice presented a similar trend to As, with the concentration in pre-
washed cooked rice always greater than unwashed cooked rice (Table 5.12). In particular, 
when EC1 water (2472.9 µg/l V) was used, the level of V in raw rice (0.04 mg/kg d.w.) 
increased 454 fold as a result of washing and cooking (10 min), whereas increased 267 fold 
for unwashed cooked rice. The V uptake during both rice preparation processes was 
confirmed by the consistent reduction of the concentration of V in the starch water in 
comparison to the initial levels in all well water samples (Table 5.10). Only when control tap 
water was used (Table 5.10 and 5.12), a significant removal of V from the rice was observed 
during washing and cooking; total reduction of 73 % (washed) and 30% (unwashed) was 
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observed after cooking for 10 min. In contrast, higher concentrations of Mn, Fe, Cu, Zn and 
Mo were observed in unwashed cooked rice compared to pre-washed cooked rice; losses of 
these elements during washing and cooking processes had been previously reported by other 
authors (Gray et al. 2016). The reduction in the content of these elements in rice was 
consistent with their increments in the washing and starch water as presented in Table 5.10. 
The only exception to this was the levels of Mo in the cooked rice that was cooked using 
water containing > 1 mg/l Mo (EC1). The high level of molybdenum in the washing and 
cooking water resulted in elevated levels in the cooked rice (2.41 -3.68 mg/kg Mo vs. 0.97 
mg/kg d.w. in raw rice). 
 Modern method in the rice preparation 5.4
Rice washing and cooking applying modern methods, i.e. using an automatic electric rice 
cooker, are much common now, especially in urban societies across the world as it is the 
quickest way of preparing rice and does not require supervision. Thus, this method was 
evaluated to assess the effect of cooking on the As retention/absorption in cooked rice and 
compared with the results of traditional cooking presented in section 5.3.3.3. 
 Water composition after washing of rice 5.4.1
Table 5.13 compares the levels of As and the other pathfinder elements in water (both tap and 
wells) before and after the 3 sequential washing steps of the rice samples (details in section 
2.3). As in all water samples (including the tap water from General San Martín, GSM) 
exceeded the WHO guideline for As in drinking water (10 µg/l As) and Argentina authority 
while other elements (Mn, Fe, Cu and Zn) were well below the reference values. In case of V 
and Mo, no limits for drinking water have been set by WHO to date.  
The total arsenic levels in the well waters after washing of the rice decreased by 14 – 17 %. 
However, when using the tap water (28 µg/l As) the concentration of As increased about 2-
fold after the first washing step. This would suggest that As in raw rice may be removed by 
washing even with mildly As-contaminated water Signes et al. (2008b). Although sequential 
washing steps have been recommended in various studies to reduce the arsenic burden in rice 
method (Sengupta et al., 2006; Signes et al., 2008b; Raab et al., 2009), the present study 
shows that the second and third washing steps have little effect on As removal from rice. In 
the case of the highly contaminated well water samples, the concentrations of As are very 
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similar after the three washing steps, which would indicate that the rice is not fully saturated, 
and still possesses further capacity to retain As.  
 
Table 5.13 Elemental concentrations in urban tap water and rural wells La Pampa, 
Argentina, before (italics) and after 3 sequential washing steps of 75 g of 
commercial raw rice with 90 ml of water. Regulatory guidelines for drinking 
water are provided for the World Health organisation (WHO) and Código 
Alimentario Argentino (CAA). 
 
Sample 
Concentration (µg/l) 
As V Mn Fe Cu Zn Mo 
WHO (2011a) 10 NE
a
 400 NE
a
 2000 3000 NE
b
 
Argentina (CAA, 2012) 10 NE 100 300 2000 5000 NE 
General San Martín 
Tap water 28.0 108.1 0.71 1.59 2.41 27.34 31.5 
Wash 1 59.9 96.1 863.42 292.10 13.73 448.55 71.5 
Wash 2 27.3 29.1 341.19 101.20 3.98 150.36 29.0 
Wash 3 23.7 19.0 185.59 35.20 2.43 66.10 34.0 
GSM 1* 280.7 1156.2 0.58 7.04 11.89 27.22 70.6 
Wash 1 238.4 445.6 539.79 308.10 28.41 286.83 97.2 
Wash 2 230.1 520.5 438.88 130.00 5.54 133.07 73.9 
Wash 3 234.2 740.1 409.25 103.02 6.52 90.44 91.5 
Eduardo Castex 
 EC 1* 1359.9 2472.9 1.46 17.20 0.84 12.20 1336.2 
Wash 1 1169.0 1178.5 860.14 405.01 16.13 341.98 1142.8 
Wash 2 1100.0 1929.0 528.45 251.04 2.71 125.34 1176.3 
Wash 3 1143.7 2021.5 320.05 133.01 1.29 68.89 1225.6 
EC3 791.8 1617.8 0.47 6.55 0.74 16.41 54.6 
Wash 1 655.3 738.6 934.09 144.13 58.28 317.01 85.0 
Wash 2 626.4 1281.6 433.84 104.21 26.04 96.49 68.5 
Wash 3 648.8 1690.5 376.41 78.10 20.67 86.29 70.3 
Note:  NE -  not established,* similar code to the water used for rice cooking by traditional method, GSM –General San 
Martín, EC – Eduardo Castex 
a typical level in drinking water is unlikely to cause a health concern 
b occurs in drinking water at concentrations well below that reported for health concerns 
 
For the well water samples, there is a significant reduction of the V concentration in water 
after washing, with levels of V goes down to 38 – 47 % of the original concentration. 
Removal of V from the water is not so marked in the subsequent washing steps and a gradual 
increase in the concentration in the washing water is observed, however it did not reach the 
original levels of V in the water, which indicates that the rice sample has not reached 
saturation. The results indicate that raw rice has a much higher capacity to retain V than As. 
The trend is not so clear for tap water as the retention of V in the rice increases with each 
washing step; this would suggest that there is a competition mechanism with some of the 
micronutrients that are removed by the sequential washing, although further studies would be 
necessary to confirm this hypothesis. 
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The washing of rice with water containing moderate concentrations of Mo (tap water and 
GSM1 and EC3), causes removal of this metal from the raw samples, although in contrast 
with what it was observed for As, subsequent washing steps still remove significant amounts 
of Mo. On the other hand, when using highly contaminated water sources, as is the case of 
EC1, the washing steps result in retention of Mo similar to that observed for As. For the other 
elements, namely Cu, Zn, Mn, and Fe, washing of the raw rice causes a remarkable increase 
in their levels in the water, which slowly decrease after repeated washings. This would 
suggest that although pre-washing of the raw rice can reduce the presence of potentially toxic 
elements such as As, it can also result in removal of essential micronutrients. 
 Composition of raw rice before and after washing 5.4.2
The rice used in this study was similar to that rice used for the traditional cooking method 
(refer section 5.3.3.1.2). The total arsenic level of the raw rice (0.056 mg/kg d.w. As) was 
reduced by 13% after 1-step wash using the tap water (28 µg/l As). Signes et al. (2008b) also 
observed comparable As reduction washing until clear (5-6 times) using mildly contaminated 
water (40 µg/l As). One additional washing reduced the total arsenic level (23%) but it did 
not change significantly with further cleaning steps. Similar percentages of As removal (28 
%) were achieved using safe cooking water (< 3µg/l As, Sengupta et al. (2006) or deionised 
water (6 to 17%, Mihucz et al., 2007; Gray et al., 2016). In contrast, when well waters EC1 
and EC3 from Eduardo Castex (792 – 1360 µg/l As, Table 5.14) were used, 29 to 114% 
increase occurred in the arsenic levels of the washed rice. Moreover, repeated washing with 
this water result in a further increase in the levels of As in the washed rice, 227 % and 118 %, 
respectively for EC1 and EC3. The trend for the water collected from GSM (280 µg/l As) 
was not so clear, and although the 1st washing step did not change significantly the 
concentration of As in the raw rice, further washing increased its levels up to 48%. 
The mean vanadium observed in the present study for raw rice (0.04 mg/kg d.w.) is similar to 
that reported for raw polished white and brown rice bought from local supermarkets and 
collected from paddy fields in Jamaica (0.037 mg/kg d.w.) (Antoine et al., 2012). As it can be 
observed in Table 5.14, the vanadium concentrations in rice were increased almost linearly 
with each washing step, regardless of the type of wastes using in the cleaning process. This 
would suggest that the raw rice has a higher capacity for retention of V than As, and it is not 
fully saturated with V even after three consecutive washing steps. 
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Similar trends were observed for molybdenum and manganese, with significant removal of 
these metals from the raw rice for all the water sources. Then only exception occurred in the 
case of water from EC1, with the highest concentration of Mo (1336.2 µg/l), which resulted 
in an overall increase in the levels of Mo in raw rice of about 13%. The results for Mn are in 
good agreement with previous studies that reported reductions of the total Mn in raw rice of 
33% (Mihucz et al., 2010) and 21% (Gray et al., 2016) using deionised water. Washing of the 
rice, caused also a reduction in the concentrations of Fe and Zn. In this study, the iron levels 
were reduced by approx. 70% in some cases, which compares well with the 75% removal 
reported by Gray et al. (2016) using deionised water. The removal of Zn was not so marked, 
and only reached values around 25% after repeated cleaning, slightly higher than previously 
observed (from 10 to 15%) by Mihucz et al. (2010) washing with deionised water. The effect 
of washing on the concentration of Cu was not so clear as it suffered great variability, which 
could be due to the similar levels of Cu found in both the raw rice and the water samples used 
for the washing. 
 The effect of modern cooking on rice composition 5.4.1
Regardless of the method of preparation (pre-washed or un-washed) and the type of water, 
cooked rice showed higher As levels than the original raw rice (Table 5.14), although the 
final concentration depended on the As levels in the cooking water. In general, pre-washing 
of the rice seemed to cause higher levels of As in the final cooked product, with the only 
exception being the use of tap water (28.0 µg/l As). Only a few studies from Asia have 
investigated the impact of using naturally As-contaminated water in cooking rice (Bae et al., 
2002; Ackerman et al., 2005; Rahman et al., 2006; Signes et al., 2008b; O‘Neill et al., 2013). 
O‘Neill et al. (2013) reported the use of groundwater containing 248-1052 µg/l As, which 
resulted in concentrations of up to 3.47 mg/kg in cooked rice. These values, much higher than 
those found here, could be due to the greater arsenic levels in the raw rice (approx. 0.25 vs. 
0.056 mg/kg) but also to the applied traditional cooking method, which uses excess water. 
Other studies using modern cooking techniques, spiked deionised water (1000 µg/l As(V)) 
and raw rice with similar arsenic levels to those reported in this study (Laparra et al., 2005; 
Juhasz et al., 2006) are in better agreement with the results presented here; they found that the 
arsenic content was around 30 times greater in the cooked (1 mg/kg As) than in the raw rice 
when using 1:3.8 (Laparra et al., 2005) and 1:2.5 rice to water ratios (Juhasz et al., 2006), 
which illustrates the relevance of the cooking method and water: rice ratio on the As uptake.  
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Table 5.14 Total elemental concentrations (mean, standard deviation of n=2; mg/kg dry weight) in raw, washed and cooked rice using 
Argentinean tap and well water. The percentage increase (+) or decrease (-) of elemental concentrations for the prepared in 
comparison to raw rice are shown in parenthesis. 
 
Source of 
water 
Method of rice 
preparation 
Elemental concentration (mg/kg dry weight) 
As V  Mn Fe Cu Zn Mo  
Raw rice Unwashed 0.056±0.004  0.04±0.005  10.07±0.5 2.57±0.05 1.76±0.04 10.69±0.50 0.97±0.02 
General San Martín (GSM) 
Tap water Raw washed, 1 step 0.049±0.002 (-13) 0.10±0.02 (+150) 8.38±0.10 (-17) 1.82±0.04 (-29) 1.37±0.11 (-22) 10.34±0.18 (-3) 0.90±0.06 (-7) 
Raw washed, 2 steps 0.042±0.004 (-25) 0.15±0.01 (+280)  7.38±0.11 (-27) 2.21±0.09 (-14) 1.34±0.13 (-24) 8.50±0.13 (-20) 0.82±0.08 (-15) 
Raw washed, 3 steps 0.043±0.004 (-23) 0.18±0.03 (+350) 7.19±0.01 (-29) 1.00±0.05 (-61) 1.13±0.08 (-36) 9.58±0.22 (-10) 0.77±0.02 (-21) 
Cooked, washed 0.107±0.005 (+91) 0.33±0.02 (+725) 8.00±0.08 (-21) 0.98±0.15 (-62) 2.24±0.13 (+22) 8.81±0.65 (-18) 0.87±0.01 (-10) 
Cooked, unwashed 0.123±0.013 (+120) 0.18±0.01 (+350) 11.08±0.05 (+10) 2.90±0.39 (+13) 2.92±0.11 (+66) 8.97±0.52 (-16) 0.95±0.01 (-2) 
GSM 1 Raw washed, 1 step 0.055±0.002 (-1.8) 0.38±0.05 (+850) 9.28±0.15 (-8) 0.77±0.06 (-70) 0.96±0.09 (-45) 10.37±0.25 (-3) 0.89±0.05 (-8) 
Raw washed, 2 steps 0.062±0.005 (+11) 0.88±0.01 (+2100) 8.37±0.13 (-17) 1.79±0.05 (-30) 1.92±0.05 (+9) 9.16±0.19 (-14) 0.77±0.05 (-21) 
Raw washed, 3 steps 0.083±0.009 (+48) 1.40±0.03 (+3400) 6.71±0.12 (-33) 1.02±0.07 (-60) 1.64±0.09 (-7) 8.66±0.23 (-19) 0.84±0.02 (-13) 
Cooked, washed 0.460±0.015 (+721) 4.17±0.03 (+3400)  6.11±0.43 (-39) 0.82±0.10 (-68) 1.87±0.10 (+6) 8.04±0.13 (-25) 0.86±0.06 (-11) 
Cooked, unwashed 0.404±0.018 (+621) 2.51±0.03 (+6175) 10.94±0.10 (+9) 2.50±0.13 (-3) 2.60±0.20 (+48) 10.20±0.30 (-5) 1.09±0.05 (+12) 
Eduardo Castex (EC) 
EC 1 Raw washed, 1 step 0.120±0.013 (+114) 0.84±0.02 (+2000) 8.94±0.20 (-11) 1.15±0.10 (-55) 1.25±0.10 (-29) 8.92±0.28 (-17) 1.08±0.09 (+11) 
Raw washed, 2 steps 0.141±0.015 (+152) 2.27±0.06 (+5575) 7.85±0.21 (-22) 1.09±0.09 (-58) 1.97±0.11 (+12) 7.77±0.18 (-27) 1.10±0.06 (+12) 
Raw washed, 3 steps 0.183±0.021 (+227) 3.19 ±0.04 (+7875) 6.26±0.15 (-38) 1.30±0.10 (-49) 1.83±0.12 (+4) 7.91±0.20 (-26) 1.10±0.06 (+13) 
Cooked, washed 1.569±0.005 (+2702) 7.00±0.13 (+17400) 7.18±0.01 (-29) 1.04±0.09 (-60) 1.95±0.04 (+11) 8.30±0.10 (-22) 2.92±0.03 (+201) 
Cooked, unwashed 1.380±0.011 (+2364) 4.59±0.20 (+11375) 10.98±0.02 (+9) 1.98±0.07 (-23) 2.21±0.15 (+26) 9.27±0.40 (-13) 2.16±0.01 (+123) 
EC 3 Raw washed, 1 step 0.072±0.009 (+29) 0.48±0.01 (+1100)  9.31±0.22 (-8) 0.85±0.07 (-67) 0.91±0.02 (-48) 10.16±0.20 (-5) 0.79±0.06 (-19) 
Raw washed, 2 steps 0.110±0.007 (+96) 1.17±0.01 (+2825)  8.54±0.13 (-15) 1.28±0.09 (-50) 1.86±0.04 (+6) 9.62±0.12 (-10) 0.89±0.03 (-8) 
Raw washed, 3 steps 0.122±0.011(+118) 2.18±0.01 (+5350) 7.75±0.16 (-23) 1.57±0.06 (-39) 1.80±0.04 (+2) 8.69±0.27 (-19) 0.75±0.02 (-23) 
Cooked, washed 0.777±0.018 (+1288) 4.80±0.02 (+11900) 5.81±0.32 (-42) 1.30±0.22 (-49) 1.92±0.09 (+9) 8.73±0.64 (-18) 0.81±0.03 (-16) 
Cooked, unwashed 0.759±0.009 (+1255) 3.18±0.01 (+7850) 10.67±0.39 (+6) 2.86±0.15 (+11) 2.36±0.08 (+34) 8.84±0.10 (-17) 0.99±0.02 (+2) 
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Like in the case of As, V levels in cooked samples were higher when the rice was washed for 
all water types, and the concentrations of vanadium in the cooked rice reflect the same trend 
observed in the water used for preparation of the rice (Table 5.13). However, it must be 
pointed out that when comparing the percentage of uptake of As and V by the rice during the 
washing and cooking processes (i.e. [metal retained by rice / metal available in water]×100), 
the data suggest that the rice presents much higher affinity for the retention of V (from 46 to 
75%) than As (from to 1.3 to 49% uptake). Moreover, no negative correlation was found 
between the uptake of As with the concentration of V in the water, which would suggest that 
there is no competition between the retention mechanisms of both elements.  
As it can be observed in Table 5.14, the cooking process has very little effect on the 
concentration of Mn, Fe and Zn, and the losses of these micronutrients suffered during the 
washing process are not recovered during the cooking. Only in the case of Cu, cooked rice 
presented concentrations between 26 and 66% higher that the unwashed rice. No clear trend 
was observed regarding the effect of washing and cooking on the levels of Mo in rice; the 
only exception was for rice cooked with water from EC1 which increased the levels of 
molybdenum by more than 100% using both pre-washed and un-washed rice, due to the high 
levels of molybdenum in the water (>1 mg/l Mo, Table 5.14). 
 Comparison between traditional and modern method in rice 5.5
preparation 
 The influence of cooking method 5.5.1
In order to investigate the influence of the cooking methods on the elemental concentration in 
the cooked rice, data from General San Martín (GSM1) and Eduardo Castex 1 (EC1) were 
compared as presented in the Table 5.15. GSM1 and EC1 represented the low and the high 
arsenic exposure areas in La Pampa, respectively.  
In the case of arsenic, both cooking methods resulted an increase in the As levels in the 
cooked rice due to the As uptake from the water into the rice grain during washing and/or 
cooking processes. Although the water used in the traditional rice cooking was not fully 
absorbed and discarded, As in the pre-washed cooked rice was found 1.1 – 1.3 times higher 
than the rice cooking with modern method (Table 5.15). Two factors may contribute to this 
observation; (i) the washing procedure used in both methods and (ii) the moisture content in 
the rice before and after the cooking process. In the traditional method, the raw rice was 
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washed for 10 minutes without changing the water (method S, section 5.3.3.2), while the 
washing in the modern method consisted in three consecutive washing steps (2 minutes for 
each step), where the water was changed at each stage. On the other hand, it must be noted 
that the amount of water used in the traditional method (2.5: 1; water: rice ratio) was double 
of the modern method (1.2: 1; water: rice ratio) for single washing step. In addition, the 
duration of washing was longer for the traditional than the modern methods. Thus, more As 
would be available to be absorbed by the rice grains. This is confirmed by the concentration 
of As in the washed rice, which retained more As following the traditional (section 5.3.3.1.2, 
Table 5.11) than modern methods (section 5.4.2, Table 5.14).  Similarly, both methods also  
different in terms of the proportion of  water to rice used for rice cooking (6:1 traditional vs 
2.5:1 modern) and cooking time (10 minutes for traditional vs 15 minutes for modern 
methods). Therefore, all the mentioned factors may have affected the moisture content and 
concentration of As in the rice grain.   
Data from Table 5.15 has clearly showed the large differences in As, V and Mo (only for 
EC1) concentrations of pre-washed cooked rice between the two cooking methods using well 
water of GSM1 and EC1. However, reduction of Mn, Fe Zn and Mo (GSM1) in the pre-
washed cooked rice were much greater using traditional than the modern method due to the 
removal of these elements during washing and cooking. Cu was the only element that 
recovered after the cooking process, which increased about 6 – 11 % from its original 
content. 
In contrast, As concentration in the cooked rice by traditional method was found lower than 
the rice cooking by modern method for unwashed cooked rice. This was due to the fact that 
the excess water was discarded after cooking process with traditional method, whilst all the 
water was either absorbed into the rice or evaporated with the modern method. This 
observation was in agreement with previous studies, where more As retained in the rice when 
cooked by modern method regardless of water types used (contaminated or non-
contaminated) (Rahman et al., 2006; Sengupta et al., 2006; Signes et al., 2008b; Raab et al., 
2009). Signes et al. (2008b) observed 3% and 10% increase in the accumulation of As for 
non-parboiled and parboiled rice respectively, using a modern method in comparison with 
traditional cooking with water containing 40 µg/l As.  
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Table 5.15 Total elemental concentrations (mean, standard deviation of n=2; mg/kg dry weight) in raw, washed and cooked rice using 
Argentinean tap and well water. The percentage increase (+) or decrease (-) of elemental concentrations for the cooked rice in 
comparison to raw rice are shown in parenthesis. 
 
Rice Preparation Concentration (mg/kg d.w.) 
As V Mn Fe Cu Zn Mo 
Unwashed raw rice 0.056±0.004 0.04±0.005 10.07±0.50 2.57±0.05 1.76 ±0.04 10.69±0.50 0.97±0.02 
General San Martín, GSM1 
Traditional, washed 0.520±0.007 
(+829) 
6.37±0.04 
(+20875) 
4.39±0.11 
(-56) 
0.31±0.02 
(-88) 
1.19±0.01 
(-32) 
7.36±0.04 
(-31) 
0.65±0.01 
(-33) 
Traditional, unwashed 0.400±0.020 
(+614) 
2.47±0.01 
(+6075) 
2.97±0.09 
(-71) 
0.75±0.04 
(-71) 
1.29±0.05 
(-27) 
6.15±0.05 
(-42) 
1.02±0.01 
(+5) 
Modern, washed 0.460±0.015 
(+721) 
4.17±0.03 
(+3400)  
6.11±0.43  
(-39) 
0.82±0.10  
(-68) 
1.87±0.10 
(+6) 
8.04±0.13 
(-25) 
0.86±0.06  
(-11) 
Modern, unwashed 0.404±0.018 
(+621) 
2.51±0.03  
(+6175) 
10.94±0.10  
(+9) 
2.50±0.13  
(-3) 
2.60±0.20  
(+48) 
10.20±0.30  
(-5) 
1.09±0.05  
(+12) 
Eduardo Castex, EC1 
Traditional, washed 2.040±0.040 
(+3543) 
18.16±0.10 
(+45300) 
4.67±0.06 
(-54) 
0.60±0.02 
(-77) 
1.31±0.01 
(-26) 
6.80±0.20 
(-36) 
3.68±0.01 
(+279) 
Traditional, unwashed 1.100±0.020 
(+1864) 
6.92±0.05 
(+17200) 
7.91±0.09 
(-21) 
0.89±0.01 
(-65) 
1.69 ±0.03 
(-4) 
6.36±0.20 
(-41) 
1.94±0.02 
(+100) 
Modern, washed 1.569±0.005 
(+2702) 
7.00±0.13  
(+17400) 
7.18±0.01  
(-29) 
1.04±0.09 
(-60) 
1.95±0.04  
(+11) 
8.30±0.10  
(-22) 
2.92±0.03  
(+201) 
Modern, un-washed 1.380±0.011 
(+2364) 
4.59±0.20 
(+11375) 
10.98±0.02 
(+9) 
1.98±0.07  
(-23) 
2.21±0.15  
(+26) 
9.27±0.40 
(-13) 
2.16±0.01  
(+123) 
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However, the increase in the As content in the present study by modern method was 7 % and 500 
% higher than the traditional method for GSM1 and EC1, respectively (Table 5.15). The 
divergence between the two methods could be due to the large difference in As content in the 
two water samples. This is in agreement with the work published by Rahman et al. (2006), which 
reported a larger difference in As levels between both methods when the As concentration in the 
water used for cooking was increased. In this case, the As in cooked rice by modern methods 
was up to 14 % higher than the traditional method following cooking with water containing 40 
µg/l As. However, when the water containing 130 µg/l As was used, the difference between the 
two methods was larger, with 26 – 40 % more As in the cooked rice by the modern than 
traditional methods (Rahman et al., 2006). It must be noted that the concentrations of As in the 
raw rice used in both previous studies were significantly higher (0.19 – 0.69 mg/kg As d.w.) 
compared to the present study (0.056 mg/kg As d.w.), which may also affect to the As levels in 
the cooked rice by both methods. 
Therefore, the increased in the As concentration was clearly influenced by cooking methods and 
the As levels in the water that used for cooking. In addition, washing also has a great impact on 
the As retained in cooked rice, however combination with cooking method would enhance the 
As intake from rice since it incorporates large amount of water into the grains. Although the 
modern methods (using rice cooker) are not common in rural area of Argentina, it would be 
recommendable that people should use traditional method with high water:rice ratios, discarding 
starchy water after cooking. As previously suggested by Quintero et al. (2014) the traditional rice 
cooking method could be the best method to reduce the transfer of As burden into cooked rice 
regardless of As levels in cooking water, and especially when the raw rice was highly 
contaminated.  
Interestingly, vanadium levels in the unwashed cooked rice only shows similar trends to As for 
rice cooking using GSM1. When vanadium level was 2.47 mg/l (EC1), the concentration of V in 
rice cooked by modern method was 1.5 lower than the rice cooked by traditional methods (Table 
5.15). It is probably due to the high volume of water used in the rice cooking with traditional 
method but further study is required to confirm this hypothesis. On the other hand, the other 
elements behaved similarly, but not for Mo when the level was extremely high in the cooking 
water (EC1, Table 5.15). Mn, Fe, Cu, Zn and Mo were consistently lower in unwashed cooked 
rice by traditional method due to the removal of these elements in the discarded starchy water at 
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the end of the cooking process. This shows that if the rice was cooked using As-safe water and 
the raw rice was low or arsenic-free, the modern method by rice cooker could possibly one of the 
best methods to retain these minerals in the cooked rice and enhance the intake of these elements 
needed for human health.  
 The effect of cooked rice on daily dietary intake 5.5.2
 Total estimation of As daily intake 5.5.2.1
In order to calculate the As daily intake through the consumption of rice, the As concentrations 
in cooked rice by both methods reported in the previous section as dry weight (d.w.) (Table 
5.15), were converted to fresh weight (f.w.), where the moisture content of cooked rice by 
traditional method was 75% while 65% by modern method. Estimates of arsenic daily intake 
from rice using both methods are summarised in Table 5.16. Raw rice was not included, since 
rice is always consumed cooked. All cooked rice using well water from General San Martín 
(GSM1) shows iAs lower than the maximum level of 0.2 µg/g for iAs in polished rice, 
recommended by Codex (2014). However, the pre-washed cooked rice by both traditional (0.36 
µg/g f.w.) and modern methods (0.34 – 0.38 µg/g f.w.) exceeded the guideline value. Although 
the levels of arsenic in the cooked rice in this study are higher than those reported by Sengupta et 
al. (2006), Ohno et al. (2007), Signes et al. (2008b) and Halder et al. (2014), its ingestion alone 
would not result in a significant health risk to the people resident in La Pampa; this is due to the 
low daily consumption of rice (38.8 g/day; Ministerio de Agroindustria, 2016) in this area in 
comparison with other As-endemic countries, such as Bangladesh (553 – 776 g/day) and India 
(750 g/day). As it can be seen in Table 5.16 the calculated values for dietary exposure are within 
the safe Benchmark Dose (confidence limit), BMDL0.5 (3 µg iAs day/kg/body weight) and 
BMDL1 range (0.3 - 8.00 µg iAs day/kg/body weight) established by The Joint FAO/WHO 
Expert Committee on Food Additives (JECFA, 2010) and European Food Safety Authority 
(EFSA, 2009), respectively.  
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Table 5.16 Estimation of the contribution to the daily inorganic arsenic (iAs) dietary intake 
based on traditional (T) and modern methods (M) for the preparation of rice. 
 
Source of 
water  
Method 
AsT in 
water 
 (µg/l) 
 
iAs in 
water
a 
 
 
(µg/day) 
AsT in 
cooked 
rice* 
(µg/g)  
iAs in 
cooked 
rice
a
 
(µg/g) 
EDI
b
  
iAs in 
cooked 
rice 
EDI
b
 iAs 
in 
drinking 
water 
Total 
EDI
b
  
iAs 
GSM 1 T- Washed 280.7 482.3 0.130 0.091 0.05 6.89 6.94 
T-Unwashed 280.7 482.3 0.100 0.070 0.04 6.89 6.93 
M-Washed 280.7 482.3 0.160 0.113 0.06 6.89 6.95 
M-Unwashed 280.7 482.3 0.140 0.098 0.05 6.89 6.94 
 
EC 1 T-Washed 1359.9 2502.2 0.510 0.357 0.20 35.75 35.95 
T-Unwashed 1359.9 2502.2 0.280 0.193 0.11 35.75 35.86 
M-Washed 1359.9 2502.2 0.550 0.384 0.21 35.75 35.96 
M-Unwashed 1359.9 2502.2 0.480 0.338 0.19 35.75 35.94 
FAO/ 
WHO
c
  
     3 3 3 
*Concentration expressed as fresh weight.  
a Inorganic arsenic (iAs) in cooked rice was calculated from 70% of the total arsenic for cooked rice; and iAs in water by 
summing arsenite and arsenate species, 86 % and 92 % of iAs for GSM 1 and EC 1, respectively. 
b Estimate of daily intake, EDI (µg day/kg/body weight) = (concentration of iAs times the rate of consumption)/body weight. 
Consider average adult‘s body weight is 70 kg and the rate consumption of cooked rice is 38.8g/person/day and daily water 
consumption is 2 l. 
c The recommendation As daily intake benchmark dose (BMDL0.5) by WHO/FAO (JECFA, 2010). 
 
La Pampa residents (GSM1 and EC1) who use well water for drinking and cooking are exposed 
to the As-related diseases, as the total iAs estimate of daily intake (EDI) is 2.3 – 12 times higher 
than the reference intake (Table 5.16) recommended by FAO/WHO (JECFA, 2010). However, 
the risk of developing arsenic diseases is enhanced for people living in the rural areas of La 
Pampa who have limited access to treated drinking water (due to availability and cost), based on 
a consumption of approx. 2 l/day, especially for residents of Eduardo Castex (EC1) in 
comparison with the inhabitants of General San Martín (GSM1). This agrees with a previous 
study where significantly higher levels of arsenic were found in scalp hair, fingernails, toenails, 
urine and blood from residents in Eduardo Castex who consumed water from wells (Farnfield, 
2012). The results from this study indicate that the major source of arsenic intake for both study 
areas is from drinking water, which represents 99.1 – 99.7 % of the total iAs EDI. Thus, the 
contribution of iAs from cooked rice was insignificant in this present study. The similar results 
also observed by Díaz et al. (2015) in the rural As-contaminated area of Socaire, Northern Chile. 
The total iAs EDI from food and drinking water for 20 Socaire inhabitants ranged between 4.18 
to 13.76 day/kg/bw (assuming a body weight of 70 kg), where the percentage iAs from drinking 
water was 65.3 ± 19.5 % of the total iAs EDI due to the high As levels in water (247 - 357 µg/l). 
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In their case, food intake covered a wide range of food categories including cooked cereals 
(wheat, rice and quinoa), raw vegetables and cooked meats which may result into higher 
estimation of As intake from foods compared to the present study.  
 Total estimation of other trace elements daily intake 5.5.2.2
Table 5.17 reports the contribution of drinking water and cooked rice to the total daily intake of 
V, Mn, Fe, Cu, Zn and Mo. The intake of vanadium via drinking water from both sampled wells 
(from 2.3 to 4.9 mg/day) exceeds the tolerable intake level recommended by the Institute of 
Medicine (IOM, 2000). The total intake of vanadium may increase as a result of the consumption 
of cooked rice, due the large amount of this element being retained by the rice grain during the 
washing and boiling process. Although there was a difference in the V daily intake between the 
two cooking methods, the increase may not noticeable since the major source is from drinking 
water, which represents 97 – 99 % of total V daily intake. As such, people who cook and drink 
using the rural well waters investigated in this study may be exposed to increased ingestion of 
vanadium, although at this time it is not clear whether this will be beneficial or have an adverse 
effect on human health (Crebelli & Leopardi, 2012). 
Table 5.17 Estimation of the daily intake for other trace elements (V, Mn, Fe, Cu, Zn and 
Mo) from cooked rice (CR) by traditional (T) and modern (M) methods and 
drinking water (DW). 
 
Rice 
Preparation 
V intake 
(µg/day)
a
 
Mn intake 
(µg/day)
a
 
Fe intake 
(µg/day)
a
 
Cu intake 
(µg/day)
a
 
Zn intake 
(µg/day)
a
 
Mo intake 
(µg/day)
a
 
CR DW CR DW CR DW CR DW CR DW CR DW 
General San Martin, GSM 1 
T- pre-washed 62 2312 43 1.2 3 14 12 24 71 54 6 141 
T- un-washed 24 2312 29 1.2 7 14 13 24 60 54 10 141 
M- pre-washed 57 2312 83 1.2 11 14 25 24 109 54 12 141 
M- un-washed 34 2312 149 1.2 34 14 35 24 139 54 15 141 
Eduardo Castex, EC 1 
T- pre-washed 176 4946 45 2.9 6 35 13 2 66 24 36 2672 
T- un-washed 67 4946 77 2.9 9 35 16 2 62 24 19 2672 
M- pre-washed 95 4946 98 2.9 14 35 26 2 113 24 40 2672 
M- un-washed 62 4946 149 2.9 27 35 30 2 126 24 29 2672 
Recommended 
daily intake
b
 
ND ND 2300(Male) 
1800(Female) 
8000 900 11000(Male) 
8000(Female) 
45 
Tolerable daily 
intake
a
 
1800
c
 11000 45000 10000 40000 2000 
Note: ND value was not provided due to lack of data showing adverse effects in humans. 
a Elemental daily intake (µg/day) = concentration of element in f.w. times rate of consumption, based on a rate consumption of cooked rice of 
38.8g/person/day and/or daily water consumption of 2 litres. 
b Summary table from Food and Nutrition Board, Institute of Medicine, (IOM, 2000). 
c Data was derived from laboratory animals showing adverse effects in relation to vanadium uptake; only could be used to set the upper level for 
adult. 
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On the other hand, the ingestion of Mn, Fe, Cu and Zn from cooked rice and drinking water is 
below the recommended daily intake (IOM, 2000) and the values are consistently lower in the 
traditional method than the modern methods especially when the rice was washed prior to 
cooking. However, in the case of water from EC 1, the daily molybdenum intake from cooked 
rice and drinking water is well above the recommended tolerable daily intake of 2 mg/day. The 
increase in Mo intake by rice consumption was due to high Mo levels in cooking water, 
particularly when the rice was washed and cooked using modern method. In the case of EC 1, 
consumption via drinking water alone would also surpassed the tolerable upper limit suggested 
by the Institute of Medicine (IOM, 2000). 
 Summary 5.6
This chapter has evaluated the levels of arsenic and other trace elements in the raw, washed and 
cooked foodstuffs. The foodstuffs namely carrot, potato, onion and rice were washed and cooked 
using naturally contaminated well water from La Pampa province, Argentina. Water which 
collected from rural area of southeast La Pampa (General San Martín), central La Pampa 
(Eduado Castex) and southern Buenos Aires (San Germán) were used in the washing and 
cooking foodstuffs experiments in order to investigate the impact of cooking water on the 
elementals contents of the studied foodstuffs. In addition, the treated tap water either from 
General Roca or urban of General San Martin were also used in the washing and cooking 
foodstuffs as a comparative study.  
The washing of vegetables using the naturally contaminated well waters has significantly 
increased the elementals concentration of the raw vegetables. In terms of cooking, heating 
treatment (boiling) of both vegetables have significantly increased the levels of As and V but 
further losses were observed for minerals like Mn, Fe, Zn and Mo. However, Cu was not 
followed the trend shown by those minerals. In addition, the duration for the cooking time also 
affects the concentration in the cooked vegetables, where further increased were observed for 
trace elements like As and V but reduced the minerals content of the cooked vegetables 
following cooking with 10 minutes of cooking time.  
On the other hand, although rice was not heavily consumed in Argentina, all the concentration of 
the raw rice in the present study still below the maximum global normal range (0.08 to 0.20 
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mg/kg As d.w.) as suggested by Zavala and Duxbury (2008). For other trace elements namely V, 
Mn, Fe, Cu, Zn and Mo, the concentrations were within the reported values by other studies. 
However, when the raw rice (long thin grain; 0.054 mg/kg d.w. As) was washed and cooked with 
naturally contaminated water, the elementals content of the raw rice was totally changed. For 
elements like As and V, the concentrations were always higher than the raw rice following 
washing and cooking using well water from La Pampa province, Argentina. In the first 
experiment, the increase of As levels in raw rice were ranged from 5 - 113% following washing 
and further increased to 112% - 1247% after boiling process to produce the cooked rice. 
Although the As uptake in washed rice was lower than that for vegetables, the heating treatment 
have significantly increased the As levels in the cooked rice and the percentage increased were 
found higher than the vegetables. It was due to the high starch component in the rice that 
incorporated large amount (via absorption) of water during the boiling process (Díaz et al., 2004) 
to produce the soft cooked rice. Interestingly, V shows much greater effect in the uptake by 
washing than cooking and the concentration in the washed and cooked rice were 1 orders of 
magnitude higher than for As. In contrast, all other minerals; Mn, Fe, Cu, Zn and Mo were 
reduced by washing and further reduction were observed as when the rice was cooked in high 
volume of water and the starch water were discarded at the end of the cooking process 
(traditional cooking method).  
In the second study, the duration of the rice washing and cooking time were evaluated but using 
treated control tap water and most contaminated well water from Eduardo Castex. A similar 
trends were observed for all studied elements, however it was noticed that the increased in the 
As, V, and Mo (only for EC2) were much greater than the first study due to the high levels of 
these elements in the well water. Similar observations to the previous studies were found in our 
study when washing and cooking using control tap water (As-safe water). The arsenic in the 
washed and cooked rice was found to reduce the As content in the raw rice while increased 
significantly when using As-contaminated water. The duration of washing and cooking time 
additional increased/ decreased the As levels depending on the levels of the As in the water. V 
and Mo also followed the similar trend to As but rice washing and cooking significantly reduced 
the minerals content of the raw rice with the reduction increased after 10 minutes of food 
preparations applied.  
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In terms of total estimation daily intake (EDI), data from second study was compared with the 
reference values of the total iAs daily intake (0.5% benchmark dose (BMD0.5): 3.0 µg iAs 
day/kg/ body weight) from both food and drinking water as recommended by suggested by 
FAO/WHO (JECFA, 2010). Overall, the contribution of iAs from foodstuffs was insignificant 
due to low rate consumption of the foodstuffs in the daily dietary intake despite high levels of As 
found in both cooked vegetables and rice. Apart from that, the major contribution to the total iAs 
was from drinking water as it represent to 95.7 – 99.9 % of total ED iAs daily dietary intake. 
However, when both drinking water and foodstuffs were combined in the daily dietary intake, 
the total iAs daily intake was 5.2 – 11.2 times higher than the reference values by FAO/WHO. 
This suggests that the inhabitants from the Eduardo Castex were exposed to the As-related 
diseases due to the intake by drinking water rather than foodstuffs. Other than As, V and Mo 
(only in EC 2) also showed high ingestion in daily dietary intake where both intake from 
drinking water have exceeded the tolerable daily intake suggested by Institute of Medicine (IOM, 
2000). Meanwhile, the daily intake of other elements was found lower than the value in the raw 
content due to the losses during washing and cooking process.  
Finally in the third studies, we have compared the influenced of cooking methods on the 
elementals concentration in the cooked rice. Overall, washing with method C (changing the 
water after 5 minutes with fresh added water) have reduced the As levels in the cooked rice after 
using tap water, but increased the As levels in the washed rice when As-contaminated well water 
was used. The increased in the duration time for washing have further decreased (As-safe water, 
< 10 µg/l) or increased (As-contaminated well water) the levels in the washed rice. This has 
confirmed by the As levels in the washing solution. The similar trends to arsenic also observed 
for V and Mo (in the case of high levels of Mo in water) for rice washing with step C. 
Furthermore, the rice washing with method C also enhances the losses of minerals (Mn, Fe, Cu, 
Zn and Mo) from rice compared to rice washing with step S. In the case of rice cooking, only 
method S (water was not change during 10 minutes of washing time) were applied. The As in the 
cooked rice increased significantly with the increased of the well water used for cooking. The As 
concentration were further increased following rice cooking in 10 minutes; obtained 0.52 – 2.04 
mg/kg d.w. As and 0.40 – 1.10 mg/kg d.w. As for pre-washed and unwashed cooked rice, 
respectively. The duration of 10 minutes of cooking time has further increased the As levels in 
the cooked rice. However, more As was retained in the pre-washed cooked rice than the 
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unwashed cooked rice. This condition also followed by V but showed much greater impact 
resulted from rice washing and cooking process. The rice seems to have more capacity to retain 
V than the As even at higher concentrations in the cooking water. It was confirm by the starch 
water, where the concentrations were consistently reduced in comparison to the initial 
concentrations in all well water samples regardless of pre-washed or unwashed cooked rice. On 
the hand, other trace elements have shown higher reduction for pre-washed cooked rice than the 
unwashed cooked rice due to the rice washing prior to cooking. However, when the 
concentration of Mo was > 1mg/l in the water samples, the levels in the cooked rice was 
increased significantly. The repeated of washing step using As safe water has significantly 
reduced the As from the raw rice but increased significantly when using As- contaminated well 
water.  
A similar trend to traditional method was also observed for As and other elements following the 
cooking of pre-washed and unwashed rice using modern method. The results showed that the 
cooking of unwashed rice using well waters not only has reduced the As, V  and Mo (EC 1 only) 
burden from the cooking water, but also retained more the minerals in the cooked rice. However, 
when data of traditional and modern cooking methods were compared, the degree of elemental 
accumulation (% increase) and/or losses (% decrease) in pre-washed cooked rice were much 
lower than that found for the traditional method using well water GSM1 and EC1. It was 
suggested that the washing techniques and moisture content may have affects the elementals 
content in the pre-washed cooked rice. In contrast, the level of As in unwashed cooked rice by 
modern method was much greater than the traditional method due to the removal of starchy 
water at the end of cooking process by traditional method. Similar observation was not followed 
in the V concentration (EC1), where higher V was retained by the traditional method. It was 
probably due to the high volume of water (1 rice: 6 water ratio) used during the cooking process 
than the modern method (1 rice: 2 water ratio) although further study is required to confirm this 
condition. However, more nutrients like Mn, Fe, Cu, Zn and Mo could be retain in the cooked 
rice by the modern method as no starch water was discarded during this cooking process.  
In terms of dietary intake, similar results were obtained as reported for the cooked rice in the 
second study. Again, the third study has emphasised that the iAs intake from rice was 
insignificant due to the low rate of consumption by local inhabitants of La Pampa. In contrast, 
drinking water was the major contributor to the iAs daily intake as it represents 99.1 to 99.7% of 
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total iAs dietary intake. The intakes of iAs from both food and drinking water was was 2.3 – 12 
times higher than the reference intake of BMDL0.5 (3 µg iAs day/kg/bw) by FAO/WHO (ECFA, 
2010). Thus, the risk of developing arsenic diseases is enhanced for people living in the rural 
areas of La Pampa who have limited access to treated drinking water (availability and cost). The 
present study clearly shows that washing and cooking procedure in the food preparation have a 
great effect on daily dietary intake for element like As, V and Mo due to the high levels in the 
well waters. Therefore, cooked foodstuffs need to be included and take into an account instead of 
the raw foodstuffs in the estimation of daily dietary intake, especially to those people in As-
endemic countries like Argentina.  
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 Introduction 6.0
In recent years, many research studies have confirmed that there is a global problem with people 
being at risk from drinking As-contaminated groundwaters (Table 1.1, Chapter 1). In West 
Bengal, India and Bangladesh, this has led to the chronic poisoning of local inhabitants on a 
massive scale through the ingestion of geogenic arsenic from groundwater sources (Table 6.1) 
(Chakraborti et al., 2015; Bhowmick et al., 2018). The natural release of arsenic from aquifers 
and rocks has been reported to cause the arsenic contamination of groundwaters (see section 1.0, 
Chapter 1). Moreover, the prolonged use of such As-contaminated groundwaters for irrigating 
crops has led to an increase in the As content of the agricultural soils of the Bengal Delta (Pal et 
al., 2009; Bhattacharya et al., 2010; Shrivastava et al., 2017).  
Generally, uncontaminated paddy soils (irrigated with safe As ground and rain waters, typically 
< 10 µg/l As) of the Bengal Delta contain less than the world average As level for soils (6.83 
mg/kg d.w.; Kabata-Pendias, 2011) (see Appendix 5). In some areas of West Bengal, the arsenic 
levels of field soils have been reported to range between 3 – 16 mg/kg d.w., especially following 
irrigation with pond waters (< 50 µg/l As), (Appendix A5; Shrivastava et al., 2017). These fields 
have As-soil levels that are lower than the maximum allowable concentration for agricultural 
land (20 mg/kg As d.w.; Kabata-Pendias, 2011). However, in areas of prolonged irrigation with 
As-contaminated groundwater, arsenic levels in soils can build up to 95.3 mg/kg As d.w. (see 
Appendix A5). Ahsan et al. (2009) reported that irrigation can increase the arsenic level of 
agricultural soil by up to five times that of the average As level for ‗normal‘ soils. In another 
study, Pal et al. (2009) estimated that an increase of 100 µg/l As in the irrigation water may 
cause an increase of 3.43 mg/kg As in the soil associated with Boro rice cultivation, especially 
during the dry season (irrigation using groundwater). Thus, the increase of soil arsenic levels 
may result in an increase of the As content of Boro rice. In another study which examined the 
soil quality associated with the cultivation of Aman rice (monsoon season, irrigated by rainwater 
containing safe As level) it was found that the arsenic levels decreased significantly from the 
previous season (Boro season). A possible explanation was that the arsenic was leached out by 
the floodwater, hence less As uptake by the rice grains (Appendix A5). Therefore, many factors 
(irrigation water, soil, season) and rice variety may influence the concentration of As in the rice 
grains.  
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In addition, the absorption and uptake of trace elements by rice plants may be influenced by the 
bioavailability in soil and the rice root activity (Awasthi et al., 2017). The bioavailability of 
elements from soils is dependent on the binding forms, which are associated with soil properties, 
including pH, cation exchange capacity (CEC), redox potential (Eh) and the levels of organic 
matter, clay minerals, calcium carbonate, Fe- and Mn-oxides (Aydinalp & Marinova, 2003; Khan 
et al., 2010; Zhao et al., 2010). The absorption ability of rice roots can be influenced by the soil 
aerobic conditions, crop variety and soil mechanical characteristics (Liu et al., 2005). As such, 
roots accumulate more arsenic than the other plant parts, with grains showing low levels of As 
uptake. At maturity, arsenic levels in rice have been reported to follow the order of shoot > husk 
> grain (Huq et al., 2006; Bhattacharya et al., 2009; Rahaman et al., 2013). Previous studies have 
reported that the levels of arsenic in rice grains cultivated in West Bengal are typically between 
0.02 - 0.48 mg/kg As d.w. (Rahman & Hasegawa, 2011). However, the As levels in rice grains 
could be higher than the typical levels, or exceed the WHO recommended permissible limit (1.0 
mg/kg), for As in foodstuffs. This is due to the high rate of As deposition on agricultural land 
after pro-longed irrigation using As-contaminated water (Meharg & Rahman, 2003; Rahaman et 
al., 2013; Shrivastava et al., 2017). As a result, arsenic may successfully enter the food chain 
from crops cultivated in such areas, thereby posing a potential threat to human health (see 
Appendix A5). 
In terms of risk assessment, most of the previous studies have evaluated the risk of arsenic 
exposure via rice consumption through considering only the total and inorganic arsenic levels in 
the raw (uncooked) rice. Interestingly, recent investigations have reported that the concentration 
and speciation of arsenic in cooked rice can be different from that in the corresponding raw rice. 
This mainly depends on the arsenic concentration in cooking water and the processes of rice 
cooking (Signes et al., 2008b; Raab et al., 2009; Halder et al., 2014). Human intake of arsenic 
from the consumption of rice can be substantial, particularly for populations on a subsistence rice 
diet (Williams et al., 2006). Therefore, this study has focussed on the determination of arsenic, 
manganese, iron and other trace elements in West Bengal groundwaters and the effect of using 
As-irrigation water on the elemental levels in different rice plant parts. In addition, a comparative 
study was undertaken to determine the arsenic levels of different rice varieties (either locally 
grown or market purchased) and the effect of washing and cooking using local groundwater and 
tap water on the arsenic content of the raw rice grains. Using the data from these investigations it 
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was considered to be possible to estimate the As daily dietary intake from water and cooked rice. 
Furthermore, the exposure to other trace elements, especially the As-accosiated elements, namely 
Fe and Mn, were also evaluated since the levels of both elements were found to be high in the 
West Bengal groundwaters (Gault et al., 2005; Nath et al., 2011). 
Another objective was for the first time in West Bengal to determine the arsenic species in the 
groundwaters used for drinking water and crop irrigation. This was undertaken utilising field-
based solid phase extraction cartridges (SPE) (Watts et al., 2010). Although some previous 
studies have measured the As speciation in water from other areas of West Bengal, all of the 
water samples were either preserved by acid (hydrochloric or nitric acid) during sample 
collection or non-acidified for storage and analysed after 11 – 60 days of sample collection (see 
Table 6.1). This may affect the distribution of arsenic species in the water samples, as the arsenic 
speciation at the time of sampling is not ‗stable‘ due to potential changes in pH or redox 
potential (Eh – pH diagram, Figure 1.2 in Chapter 1). This is also a possible problem during 
sample storage until the analysis time, where it is often assumed that the As species remain 
‗stable‘ within the water sample. Nevertheless, the majority of the arsenic measured in the 
groundwaters of West Bengal by other researchers has been found to be in the inorganic forms, 
with the principal species being arsenite, iAs
III
 (Table 6.1).
 
As
 
such, many studies on the 
groundwaters of West Bengal have not attempted to do any As speciation analysis, where only 
the total As concentration were measured and it was assumed that this arsenic was present as 
inorganic forms (Table 6.1). Therefore, this present study attempted to measure each individual 
arsenic species, including organic arsenic (MA
V
 and DMA
V
) in groundwater samples using a 
field-based method developed by Watts et al. (2010). This method successfully preserves each 
arsenic species in-situ until laboratory instrumental analysis using an Agilent 7700x Series ICP-
MS (section 2.5, Chapter 2). This method has been previously used, with a high level of 
confidence, for the arsenic speciation analysis of groundwaters from Argentina (see Chapter 3) 
and geothermal waters from Neuquén, Argentina (Farnfield, 2012) and New Zealand (Lord, 
2014). Finally, the elemental data for both water (as a drinking source) and cooked rice 
(following food preparation with such waters) will then enable an estimation of the daily dietary 
intake of As (and other elements) for the population in this study area. 
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Table 6.1 The reported concentrations of total As (AsT) and inorganic arsenic species (iAs) in groundwaters across arsenic-
affected states of India. 
 
State in India District Concentration of arsenic in water (µg/l)  
Methods/ key points 
References 
As total 
(AsT) 
Arsenite 
(iAsIII) 
Arsenate 
(iAsV) 
7 states of India. 
(samples: 170609 of hand 
tubewell water samples; 28-
years field survey in India 
(1988– 2016)). 
Ganga river flood 
plain: 
West Bengal 
Bihar 
Uttar Pradesh 
Jharkhand 
 
Brahamaputra river 
flood plain: 
Assam 
Manipur 
 
Non-flood plain: 
Chattisgarh 
 
 
ND* - 3700    
ND* - 2182  
ND* - 3,191  
ND* - 1,018 
 
 
 
ND* - 383 
ND* - 502 
 
 
ND* - 880 
 
 
*ND: not detected 
 No data  No data  West Bengal (n =140150) 48.1% had As > 10 μg/l and 23.8 % 
had As > 50 μg/l. 
 Bihar (n =19961): 32.7 % had As > 10 μg/l and 17.8 % had 
As > 50 μg/l. 
 Uttar Pradesh (n =4780): 45.3 % had As > 10 μg/l and 26.5 % 
had As > 50 μg/l. 
 Jharkhand (Sahibganj district; n =3354): 36.1% had As > 10 
μg/l and 15.4 % had As > 50 μg/l. 
 Assam (n =1590): 47.6 % had As > 10 μg/l and 15.5 % had 
As > 50 μg/l. 
 Manipur (n =628): 63.3 % had As > 10 μg/l and 23.2 % had 
As > 50 μg/l. 
 Chattisgarh (Rajnandangaon district; n = 146): 25.3 % had As 
> 10 μg/l and 8.2 % had As > 50 μg/l. 
 Overall, 70 million people are at risk to the various As-related 
health effects, including various forms of cancer. 
 People who had been found in previous surveys to have 
arsenic keratosis, now suffer from multiple Bowens/ cancers 
in the long term. 
 4.5% of the 8,000 children from As-affected villages of 
affected states were registered with mild to moderate arsenical 
skin lesions. 
Chakraborti et 
al. (2017a) 
West Bengal, India.  
(samples: 4210 groundwater 
samples for 23 years of 
research from 1993- 2015 )  
Kolkata Municipal 
Corporation (KMC) 
(141 wards or 
administrative division) 
KMC:  
< 5 – 825* 
 
 
 
*54% of samples 
were from 
southern part 
(involved 19 
wards) 
No data No data  As in the waters were analysed using FI-HGAAS. 
 14.2% and 5.2% samples had arsenic >10 µg/l and >50 µg/l, 
respectively, representing 77 and 37 wards. 
 The southern part of KMC (n =2277) have much higher As 
concentrations in waters compared to other parts of KMC 
where 44.0%, 18.8%, 8.7%, and 0.8% of the samples 
contained arsenic > 5, >10, >50 and >300 µg/l, respectively. 
 The average depth of the hand tube wells for the KMC (68 m) 
> other parts of West Bengal (34 m), which resulted lower As 
levels in the tube wells.  
Chakraborti et 
al. (2017b) 
Bihar, India. 
(samples: 1365 hand tube-
well waters) 
Patna (5 blocks) < 10 – 1466  No data No data  As in waters were analysed using FI-HGAAS. 
 As in well waters: 61% had > 10 µg/l As, 44 % had > 50 µg/l 
As (10.3% of the tube-wells had > 300 µg/l As). 
 9.7% of the examined people (n=712) have arsenical skin 
lesions with similar arsenical skin problems also observed in 
9 children of 312 screened.  
Chakraborti et 
al. (2016) 
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State in India District Concentration of arsenic in water (µg/l)  
Methods/ key points 
References 
As total 
(AsT) 
Arsenite 
(iAsIII) 
Arsenate 
(iAsV) 
Northern Bihar, India. 
(samples: groundwaters, 
n=19) 
Samastipur  1.3 – 104.7 
  
0.4 – 83.4  0.1 – 21.3   Water samples were passed through a disposable cartridge 
which absorbs iAsV and allows iAsIII to pass through. 
 Filtered samples were stored <4 °C in a portable ice-box to 
minimise chemical alteration.  
 Another sample of water (50 mL) was also collected for AsT 
estimation which was preserved with 2–3 drops of 7 M nitric 
acid. 
 All water samples were analysed using ICP-MS.  
 73% of the samples were predominantly in the form of iAsIII, 
whilst the remaining waters were iAsV. 
Kumar et al. 
(2016) 
West Bengal, India. 
(samples: 28947 hand tube-
wells for 23 years of 
research from 1991- 2013) 
Nadia (17 blocks) ≤ 3 – 3200  No data No data  As in waters were analysed using FI-HGAAS. 
 This study covered 21.5 % of the tube wells in 17 blocks of 
the district (n=134330). 
 The As concentrations in water: 51.4 %   having As >10 µg/l; 
17.3% having As > 50 µg/l; 1.9% having As >300 µg/l. 
 As > 300 µg/l was found in 14 blocks and 13 tube-wells 
having > 1000 µg/l As.  
 The estimation of 2.1 (> 10 µg/l As), 0.6 million (> 50 µg/l 
As) and 0.048 million (> 300 µg/l As) people could be at risk 
of drinking As-contaminated waters. 
Rahman et al. 
(2014) 
Bihar, India. 
(samples: collected during 
pre and post monsoons, n = 
36) 
Bhagalpur Pre:  
10.9 – 81.1 
Post: 
18.46 – 113.5 
Pre: 
10.9 – 81.1   
Post: 
11.63 – 75.9  
 
Pre: 
7.1 – 75.9  
Post: 
5.3 – 47.9 
  
 
 AsT was determined using a Digital Arsenator and As 
speciation was performed in the field with disposable 
cartridges which absorb iAsV, but allowed iAsIII to pass 
through. As concentration in samples were cross checked 
using GFAAS. 
 iAsIII was found to be 50 – 66 % of the AsT concentration 
(47% of samples have > 50 µg/l AsT). Spatial and temporal 
variations showed a slightly higher arsenic concentration in 
the pre-monsoon period than in the post-monsoon period.  
 The enrichment of arsenic is more prevalent in the proximity 
of the Ganges River which indicates that fluvial input is the 
main source of arsenic.  
Kumar et al. 
(2010a) 
Uttar Pradesh, India 
(samples: collected during 
pre and post monsoons, n = 
30) 
Ghazipur District Pre:  
6.4 – 259.5  
Post:  
5.1 – 205.5 
Pre: 
0 – 133.7   
Post: 
0 – 142.2  
 
Pre: 
2.4 – 1258  
Post: 
5.1 – 63.3  
 
 AsT was determined using a Digital Arsenator and As 
speciation was performed in the field with disposable 
cartridges and further cross checked with GFAAS. 
 As in the pre-monsoon season (23% of wells have > 50 μg/l) 
was higher than As in the post monsoon. The lower As level 
due to the effect of dilution related to recharge during 
monsoon period. 
 Depositional environment and geological age are important 
factors in controlling As mobilisation. 
 As enrichment was observed in the sampling sites that were 
close to the Ganges River (higher in south and southeast than 
central part of the Ghazipur district) due to an accumulation 
of coarser sediment along a Holocene course of the River 
Ganges). 
Kumar et al. 
(2010b) 
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State in India District Concentration of arsenic in water (µg/l)  
Methods/ key points 
References 
As total 
(AsT) 
Arsenite 
(iAsIII) 
Arsenate 
(iAsV) 
State of West Bengal, India.  
(samples: 140150 tube wells 
water; 20 years of report 
since 1988 involving all 19 
districts of West Bengal and 
Kolkata city) 
 
Highly affected: 
North-24-Parganas 
South-24-Parganas  
Murshidabad  
Nadia 
Maldah  
Haora  
Hugli 
Kolkata* 
Bardhaman 
(n = 135555) 
Mildly affected:  
Koch  
Bihar Darjiling 
Dinajpur-North 
Dinajpur-South 
Jalpaiguri 
(n = 2923) 
Unaffected: 
Bankura Birbhum 
Purulia 
Medinipur-East 
Medinipur-West  
(n = 1672) 
 
*100 wards (instead of 
block) out of 114; n = 
3626) 
 
≤ 3 – 2830 
≤ 3 – 3700 
≤ 3 – 3003 
≤ 3 – 3200 
≤ 3 – 1904 
≤ 3 – 1333 
≤ 3 – 600 
≤ 3 – 800  
≤ 3 – 2230 
 
 
≤ 3 – 2830 
≤ 3 – 2830 
≤ 3 – 2830 
≤ 3 – 2830 
≤ 3 – 2830 
 
 
< 3 
< 3 
< 3 
< 3 
 
 
No data No data  As in the waters were analysed using FI-HGAAS. 
 classified West Bengal into 3 zones: highly affected (9 
districts mainly in the eastern side of the Bhagirathi River), 
mildly affected (5 districts in northern part) and unaffected (5 
districts in the western part). 
 In highly As-affected: 49.7% had As > 10 µg/l, 24.7% had As 
> 50 µg/l, 3.4% had As > 300 µg/l (concentration predicting 
overt arsenical skin lesions). 5 districts (Maldah, 
Murshidabad, Nadia, North-24-Parganas, South-24-Parganas) 
are widely affected where more than 95% of the blocks in 3 
districts (North-24-Parganas, Nadia, Murshidabad) had A> 50 
µg/l.  
 In mildly As-affected: 84. 7 % had As < 3 µg/l, 9.8% had As 
between 3 and 10 µg/l, 5.7% had As > 10 µg/l and 0.2% had 
As > 50 µg/l.  
 Overall, millions of people were estimated to be drinking As-
contaminated water: 9.5 million for >10 µg/l As, 4.2 million 
for > 50 µg/l As and 0.53 million for > 300 µg/l As. 
 > 70% of the As in the water obtained from tubewells high in 
soluble iron could be removed by allowing the water to stand 
overnight and then filtered through a piece of fine cloth before 
drinking. This procedure will cause the iron in the water to 
precipitate as ferric hydroxide and any co-precipitating 
arsenic could be be removed from the water. 
Chakraborti et 
al. (2009) 
Uttar Pradesh, India  
(samples: 56 shallow (S)and 
9 deep (66–75 m; D tube 
wells) 
Ballia  S: <10 – 468  
D: >10 - <20   
iAs: 4 – 468   Total iAs and iAsIII analysis using spectrophotometric silver 
diethyl dithiocarbamate method with small modification in 
the acetate buffer concentration of 0.6M. 
 HCl was used to preserve iAsIII, iAsV, and Fe during samples 
collection until the instrumental analysis. 
 iAsIII was found to be equal or > iAsV. 
Chauhan et al. 
(2009) 
West Bengal, India. 
(samples: tube wells, total n 
= 26) 
 
Nadia 5.2 – 770  3.5 – 710  1.0 – 53   The filtered water samples were preserved with 24 mmol/l 
HCl during sample collection (sample also preserved with 10 
mmol/l EDTA for comparison purposes) until instrumental 
measurement (3 week in storage). 
 AsT concentrations were by ICP–MS after mathematical 
correction for 40Ar35Cl+ interference.  
 Arsenic speciation was performed by IC–ICP–MS (strong 
anion-exchange Column, PRP-X100) to separate iAsIII, iAsV, 
MAV and DMAV; mobile phase of 20 mmol/l NH4H2PO4 and 
internal standard of 50 µg/l Rb. 
 HCl is the preferred additive than the EDTA for conservation 
of the redox distribution of dissolved As in low-Eh, high-Fe 
subsurface waters. 
Gault et al. 
(2005) 
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State in India District Concentration of arsenic in water (µg/l)  
Methods/ key points 
References 
As total 
(AsT) 
Arsenite 
(iAsIII) 
Arsenate 
(iAsV) 
West Bengal, India. 
 
(samples: tube wells, total n 
= 10) 
North 24-Parganas 54.2 – 415* 
*estimation of AsT 
from the addition 
of iAsIII and iAsV. 
54 – 395 0.2 – 167  Two stages of speciation of arsenic [iAsIII and iAsV]: 
estimation of AsT, followed by iAs
III. iAsV was determined by 
subtraction [iAsV = AsT – iAs
III]. 
 HG-AAS technique using sodium borohydride in NaOH 
solution and HCl (12 M) was used for determination of AsT, 
but citric acid (0.1 M) was used in place of HCl for 
determination of iAsIII. 
 iAsIII could form arsine in citric acid medium where the 
signals from iAsV was negligibly small. 
 The concentration of iAsIII was significantly higher than iAsV. 
Maity et al. 
(2004) 
8 arsenic-affected districts of 
West Bengal, India 
(samples:hand  tube wells, 
total n =4770) 
 30 - 3700 10 - 2500 16 - 1200  separation of iAsIII and iAsV from water by sodium 
diethyldithiocarbamate in chloroform, followed by FI-HG-
AAS. 
 determination of iAsIII in citrate/citric buffer at pH 3 and AsT 
in water in 5 M HCl by FI-HG-AAS.  
 Speciation of iAsIII and iAsVin the absence of methylated 
arsenic is possible by determining iAs
III in citrate/citric buffer 
at pH 3. 
 Preservation of water samples in nitric acid has shown a 
mutual conversion of arsenite and arsenate is 5–7%. 
 iAsV was obtained from the difference between AsT and iAs
III. 
 The average iAsIII was in equal to the level of iAsV. 
Samanta et al. 
(1999) 
6 districts of West 
Bengal, India. 
 
(samples: tube wells, total n 
= 1446) 
South 24-Parganas 
North 24-Parganas 
Nadia 
Bardhaman 
Murshidabad 
Malda 
50 – 3700 
50 – 1500 
50 – 1180 
50 – 640 
50 – 950 
50 – 930  
12 – 2600 
10 – 510 
11 – 530 
10 – 184 
20 – 370 
20 – 378 
25 – 1100 
40 – 950 
30 – 1085 
51 – 590 
25 – 665  
16 – 658  
 Separation of iAsIII and iAsV from water by sodium 
diethyldithiocarbamate (Na-DDTC) in chloroform, 
 spectrophotometry using Ag-DDTC in chloroform with 
hexamethylenetetramine as absorbing solution and  
 Ion-exchange separation (Dowex 50W-X8, AG I-X8) of iAsIII 
and iAsV from water followed by determination with FI-
HGAAS. 
 Average iAsIII concentration in water was about 50% of the 
total arsenic. 
Chatterjee et 
al. (1995) 
Note -  FI-HGAAS: flow injection-hydride generation atomic absorption spectrometry; GFAAS: graphite furnace atomic absorption spectrometry; ICP: inductively coupled-
plasma mass spectrometry; IC-ICP-MS: ion chromatography-inductively coupled plasma mass spectrometry. 
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 Methodology 6.1
The field study site was the village of Sarapur (latitude 2301‘15.31‖ N and longitude 
8838‘36.86‖ E) in Chakdaha, Nadia district of West Bengal, India, as described in section 2.1.2 
(Chapter 2). The sample preparation and collection for water (including the As speciation 
method, section 2.2), rice plants (section 2.3), washing (section 2.3.2.2) and cooking of rice 
(section 2.3.3.2), and soils (section 2.4.3) were also detailed in Chapter 2. The inductively 
coupled plasma mass spectrometry (ICP-MS) details for the determination of arsenic and other 
trace elements (quantification and validation) followed the methods and procedures used for the 
Argentina samples, as outlined in section 2.5 (Chapter 2).  
 Arsenic and other trace element in water 6.2
Table 6.2 summarises the physicochemical properties of the water samples measured in-situ, as 
well as the results of the elemental and As speciation analysis. The results show a marked 
difference in the redox potential (Eh) between the groundwaters and the other two water sources, 
which could be due to the fact that in most of the arsenic-affected areas, the aquifer sediments 
are covered by a layer of clay or silt, which effectively restricts entry of air to the aquifers 
(Smedley & Kinniburgh, 2002). This could also be due to the presence of organic matter 
deposited within the sediments (Nath et al., 2011). It was found that the waters in all the cases 
were of an alkaline pH, with the highest levels observed for the pond and tap waters (Table 6.2). 
The higher pH of the pond water may be due to its use for domestic purposes. In addition, the 
possible discharge of detergents and the use of lime to neutralise the water (a practice used for 
fish farming) may influence the pH of these waters. In the case of groundwaters, similar results 
have been previously reported for other arsenic-contaminated aquifers in the region of the 
Bengal Delta, with pH values close to or greater than 7 and with strongly reducing conditions 
(CGWB, 1999; BGS & DPHE, 2001; Nath et al., 2011; Shrivastava et al., 2014). 
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Table 6.2 Physicochemical properties, total elemental concentrations and arsenic speciation 
of water samples from Sarapur village in Chakdaha. Values are reported as mean 
± standard deviation. 
 
Note: n= number of samples; ppt = parts per thousand; total arsenic (AsT), inorganic arsenic (iAs
III, arsenite; iAsv, arsenate), 
organic arsenic (MAV, monomethylarsonic acid; DMAV, dimethylarsinic), BDL= below detection limit. 
a WHO (2011a), World Health Organisation guideline for drinking water. 
b USEPA (2012), United States Environmental Protection Agency drinking water standards. 
c BIS (2012), Bureau of Indian Standards limit for drinking water. 
d FAO (1994), Food and Agricultural Organisation irrigation water limits. 
e India's Atomic Energy Regulatory Board, Department of Atomic Energy (Bajwa et al., 2017). 
 
In the present study, it was observed that in the case of oxic water conditions (pond and treated 
tap), arsenic is mainly present as arsenate, iAs
V
 over the range 2.19 - 2.60 µg/l As, which 
corresponds to 50.30 % and 73.91 % of the total arsenic forms in the pond and treated tap water, 
respectively. This could be due to the fact that the source of the pond water is predominantly rain 
water. The pond water also showed a high percentage of dimethylarsinic acid, DMA
V
 (up to 23 
%), second to arsenate, iAs
V
. This could be due to more bacterial activity in the water system, 
which would need to be evaluated in the future. Both pond and tap waters were well below the 
WHO guideline and India Standard As limit for drinking water. Whereas, in the groundwaters 
(anoxic environment), the concentrations of total arsenic ranged between 57.13 and 130.79 µg/l 
AsT (mean: 93.96 µg/l AsT) which is mainly found as iAs
III
, representing 80 % of AsT (based on 
the mean value). These experimental observations fit well with the Eh – pH diagram (Figure 1.2 
in Chapter 1) and thermodynamic calculations reported in previous studies (Smedley & 
Parameter Water Sources Drinking/irrigation 
limits Pond water  
(n=4) 
Tap water  
(n=4) 
Groundwater  
(n=8) 
Eh (mV) 93.50 ± 9.19 52.00 ± 4.24 -143.42 ± 10.76 - 
pH 8.33 ± 0.05 8.50 ± 0.19 7.77 ± 0.18 - 
Salinity (ppt) 0.25 ± 0.04 0.89 ± 0.03 0.69 ± 0.08 - 
Key elements     
As AsT (µg/l) 4.80 ± 0.29 2.05 ± 0.04 93.96 ± 36.83 10
a
/50
c
/100
d
 
iAs
III
(µg/l) 0.41 ± 0.07 0.34 ± 0.03 75.77 ± 36.31 - 
iAs
V
(µg/l) 2.42 ± 0.26 1.52 ± 0.14 3.80 ± 1.66 - 
MA
V
(µg/l) 0.33 ± 0.07 0.09 ± 0.02 3.48 ± 1.33 - 
DMA
V
(µg/l) 1.12 ± 0.06 0.27 ± 0.01 4.13 ± 1.74 - 
Fe (µg/l) 3.27 ± 0.1 12.16 ± 2.0 8381.1 ± 622.7 300
b
/300
c
/5000
d
 
Mn(µg/l) 10.86 ± 2.87 0.33 ± 0.01 216.24 ± 35.22 50
b
/100
c
/200
d
 
Other elements (µg/l) 
Mo  0.88 ± 0.07 0.51 ± 0.04 0.85 ± 0.06 70
c
/10
d
 
V  1.64 ± 0.20 0.03 ± 0.01 0.33 ± 0.10 100
d
 
Cu 0.89 ± 0.10 0.96 ± 0.03 1.37 ± 0.15 300
bc
/5000
d
 
Zn 3.94 ± 0.5 7.86 ± 0.3 7.07 ± 1.0 5000
bc
/2000
d
 
U 2.65 ± 0.30 < 0.03 (BDL) 0.14 ± 0.04 30
a
/60
e
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Kinniburgh, 2002). In contrast, the concentration of iAs
V
, MA
V
 and DMA
V
 in groundwater 
samples were 3.80 ± 1.66 µg/l (4.0 % of AsT), 3.48 ± 1.33 µg/l (3.7 % of AsT), 4.13 ± 1.74 µg/l 
(4.4 % of AsT), respectively. The organic arsenic species were detectable and presented at similar 
concentrations to that for arsenate, where the combination of both MA
V
 and DMA
V
 contributed 
up to 11.4 % (considering the maximum levels of both organic species) of the total arsenic 
concentration. Thus, the inorganic arsenic levels of groundwater only accounts for 89 % 
(maximum percentage) of the AsT. Since arsenite, iAs
III 
is a more toxic and mobile species, it is 
suggested that using this groundwater for the irrigation of rice could be potentially hazardous for 
food production (Appendix A5).  
Overall, the arsenic level of groundwaters were more than 50 µg/l As, which shows that this 
supply has levels above the World Health Organisation (WHO, 2011a) and Bureau of Indian 
Standards limit (BIS, 2012) for drinking water (Table 6.2). The total arsenic levels found in 
groundwaters in the present study were in agreement with a previous study, although the highest 
AsT levels were considerably lower than the reported values for the Chakdaha block (≤3 – 890 
µg/l As) and other blocks in the Nadia district (≤3 – 3200 µg/l As) (Rahman et al., 2014; 
Bhattacharya et al., 2009). However, the mean AsT level in the present study was slightly higher 
than the levels found in the previous study (76.43 ± 2.35 µg/l As, n = 40), although undertaken 
within in the same village but in different locations (Shrivastava et al., 2014).  
In term of the As speciation analysis, the predominant species in the groundwaters was iAs
III 
which is consistent with the findings reported in a previous study (Table 6.1). The methods used 
in the previous studies involved the separation of iAs
III 
and iAs
V
 from water by sodium 
diethyldithiocarbamate (Na-DDTC) in chloroform or ion exchange column and the subsequent 
detection using flow injection hydride generation atomic absorption spectrometry; FI-HG-AAS 
(Chatterjee et al.1995; Samanta et al., 1999; Maity et al., 2004, Chauhan et al., 2009), ion 
chromatography-inductively couple plasma mass spectrometry; IC-ICP-MS (Gault et al., 2005), 
or a digital disposable cartridge (Kumar et al., 2010a, 2010b, 2016b), and high performance 
liquid chromatography- inductively coupled plasma mass spectrometry; HPLC-ICP-MS (Shraim 
et al., 2002). Although the reported studies were able to measure the inorganic species using 
sensitive techniques, the preservation of the water samples using acid and EDTA solutions at 
time of the sampling may be questionable (Table 6.1). Even if the samples were not preserved 
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during the sample collection stage, the duration time period between sample collection and 
laboratory analysis could altered the concentration and distribution of the arsenic species, 
especially for Fe-rich groundwater (Watts et al., 2010; Gault et al., 2005). In addition, most 
speciation techniques, especially using FI-HG-AAS to produce the data for the West Bengal 
studies, only considered the inorganic As species and separation was only done between iAs
III
 
and iAs
V
 (Table 6.1). This approach assumed that no organic species were present in the water 
samples (Gault et al., 2005) since no further separation was undertaken for organoarsenicals. 
Moreover, the extracted iAs
V
 and iAs
V
 concentrations were calculated by substraction of  
arsenite from the concentration of the total As  (iAs
V
 = AsT - iAs
III
). For organic species, the 
present data could only be compared with the study done by Shraim et al. (2002) who reported 
the concentration of ≤ 0.5 µg/l MAV and DMAV in tube well waters from different parts of West 
Bengal, namely, Murshidabad district (one of the highly As-affected areas in West Bengal). In 
terms of the arsenic recovery [(sum of arsenic species/AsT) x 100 %], the field-based technique 
related to between 88 to 108 % of the total arsenic content. This shows that the SPE field-based 
technique successfully preserves the arsenic species at the time of sampling the groundwaters in 
West Bengal. Moreover, this highlights a major advantage of this method, as the collection, 
preservation and transport of water samples from West Bengal to the laboratory would have been 
deemed impossible, not only in terms of As species stability, but in terms of the importing of 
water samples (via plane) to the UK. In Chapter 3, the arsenic speciation for oxidised 
groundwaters from Argentina (with a maximum As level of up to 1688.6 µg/l As) were also 
evaluated using this As speciation method. However, the difference in Eh-pH conditions and the 
presence of other elements in the groundwaters may have influenced the As distribution in both 
types of groundwaters.   
The data also show a significant level of increased Mn and Fe concentrations in the 
groundwaters (Table 6.2). The levels of both elements in these samples exceeded the national 
and international limits for drinking and irrigation waters, whilst both pond and tap waters were 
below these recommendations. In contrast, other trace elements, namely Mo, V, Cu, Zn and U, 
had concentration less than 10 g/l for all sample types (see Table 6.2). The concentration of 
other trace elements in groundwaters from other blocks in the Nadia district (as reported by 
Rahman et al. (2015)) were: 25.1 – 814 µg/l Mn, < 70 – 18500 µg/l Fe, < 0.05 – 3.8 µg/l Mo, < 
0.02 – 6.3 µg/l Cu, < 0.01 – 2386 µg/l Zn and < 0.01 – 5.6 µg/l U. For comparative analysis, 
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Bhowmick et al. (2015) found concentrations of 18 – 604 µg/l Mn, 0.73 – 11 µg/l Mo, 15 – 159 
µg/l Zn and 0.12 – 3.4 µg/l U. On the hand, Shrivastava et al. (2014) reported concentrations of 
251 – 257 µg/l Mn, < 5489 – 5498 µg/l Fe and 1.43 – 2.27 µg/l Cu for the Sarapur village which 
is also located in the Chakdaha block.  
 Arsenic and other trace elements in soils 6.3
In the present study, 15 soil samples (top 15 cm) were collected and analysed. The results in 
Table 6.3 show that the total As, Mn, Fe and other trace element levels in soils collected from the 
control rice paddies (irrigated with pond water) are within the normal range for soils (Kabata-
Pendias, 2011). However, the soil of the paddies irrigated with groundwater had raised levels of 
arsenic (49 mg/kg As d.w.), with values over the maximum acceptable limit for agricultural use, 
MAC (15 - 20 mg/kg d.w., Kabata-Pendias, 2011). The results for arsenic fit well with previous 
studies in proximate areas, where reported arsenic levels of agricultural lands in West Bengal 
(India) ranged from 1.3 to 95.3 mg/kg As d.w. (Appendix A5). Manganese also had higher 
values in the contaminated soil (240.0 ± 4.3 mg/kg Mn d.w.) than in the control samples (189.0 ± 
5.3 mg/kg Mn d.w.). The concentration of Mn in contaminated fields were considerably lower in 
comparison to a previous study involving a different location in the Chakdaha block (307.9 ± 2.7 
mg/kg Mn d.w., Shrivastava et al., 2014) and other West Bengal contaminated lands (244 – 511 
mg/kg Mn d.w.; Roychowdhury et al., 2002). Despite the fact that the concentration of Fe in the 
groundwaters was 700 times higher than in the ponds, and it exceeded by almost a factor of 2 the 
recommendation of FAO (FAO, 1994) for irrigation (Table 6.2), there was no difference in the 
iron levels in the plots irrigated with pond and groundwaters. However, the levels of Fe in the 
soil were found to be greater than the Fe levels reported for agricultural land in other parts of 
West Bengal (5417 - 15746 mg/kg Fe d.w., Roychowdhury et al., 2002; Shrivastava et al., 2014). 
A previous study revealed that the As, Mn and Fe levels were depend on the type of paddy field; 
where elevated levels were found to be in non-flooded paddy fields compared to the 
continuously flooded fields. This in part may be due to the use of a drying-wetting process which 
results in a more adsorptive capacity for chemicals in the soil (Barla et al., 2017). 
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In addition, the concentration of Cu in contaminated land was 3.3 times lower than the mean 
value reported by Shrivastava et al. (2014) within the same block (69.33 mg/kg d.w. Cu in 
different location of Sarapur village, Chakdaha). However, the mean level of Zn in contaminated 
soil (75.8 mg/kg Zn d.w.) was significantly higher compared to their reported value (44.56 
mg/kg d.w. Zn). In the case of Mo and V, both elements were not commonly reported in the 
literature for agricultural land or rice plants although there were data reported for both elements 
using a hydroponic culture (Vachirapatama et al., 2011; Chongkid et al., 2007). Similar Mo and 
V levels for both control and contaminated fields (Table 6.3) may suggest that their background 
values reflect a negligible input of both elements to soils from irrigation waters (Table 6.2).  
 
Table 6.3 The mean concentration of As, Mn, Fe and other trace elements in surface soil 
samples and the maximum allowable concentration (MAC) for agricultural soils. 
Values are reported as mean ± standard deviation in dry weight. 
 
Elements  
Dry weight (mg/kg) 
Maximum allowable 
concentration
a
 
Control plots
b
  
(n=3) 
Contaminated plots
c
  
(n=12) 
As 15 – 20 14.0 ± 1.9 49.0 ± 4.0 
Mn 1500 – 3000  189.0 ± 5.3 240.0 ± 4.3 
Fe NA 24511 ± 1396 24354 ± 632 
Mo  4 – 10  0.47 ± 0.05 0.42 ± 0.07 
V  150 68.95 ± 1.60 66.19 ± 1.60 
Cu   60 – 150 20.76 ± 1.52 24.84 ± 0.93 
Zn  100 – 300  58.39 ± 4.16 75.83 ± 5.10 
a Maximum allowable concentration for agricultural soil (Kabata-Pendias, 2011). 
b Irrigated with pond waters. 
c Irrigated with groundwaters. 
 
 Arsenic and other trace elements in different components of rice plants 6.4
The rice plant samples were collected at different growth stages, namely vegetative, reproductive 
and maturity or ripening. The results in Table 6.4 clearly indicate that the roots of rice plants 
could accumulate more arsenic than the grains. At maturity, the arsenic concentrations followed 
the order of root > shoot > grain, which is in agreement with previous reports (Huq et al., 2006; 
Bhattacharya et al., 2009; Rahaman et al., 2013). The transfer of As from contaminated soil to 
root, known as the biological accumulation coefficient (BACroot/soil), was 3.3, suggesting a strong 
root arsenic absorption (Nagaraju & Karimulla, 2002; see section 4.3.3 in Chapter 4 for details). 
In order to evaluate the transfer of As from root to the above ground tissues, the translocation 
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factor (TF) was calculated using the formula suggested by Ma et al. (2017) (see section 4.2.3, 
Chapter 4 for details). Based on the ripening stage, the mean of the shoot/root (Asshoot/root) ratio 
for plants from the contaminated area was 0.045 whilst the mean of grain/shoot (Asgrain/root) ratio 
was 0.01. This suggests that more As was transferred from root to shoot in comparison to the rice 
grain. As such, the mean of the grain/shoot ratio (Asgrain/shoot) was also calculated in order to 
evaluate the translocation from shoot to rice grain. The value obtained for Asgrain/shoot (0.24) in 
the contaminated field confirmed that the translocation of As to rice grains was much more 
efficient from shoot compared to root. In the case of the control field, the root absorption of As 
from the control field soil also strong with BACroot/soil value of 3.9 whilst the translocation factor 
for Asshoot/root, Asgrain/root and Asgrain/shoot was 0.047, 0.022 and 0.46, respectively. Since the 
proportion of translocation factors in the control field were consistently higher than the 
contaminated site, it means that the decrease in translocation efficiency (lower proportion) has 
increased the As accumulation in the rice plant parts grown on the contaminated land. This trend 
is known as a hyperbolic relationship and has been observed across multiple environments and 
rice genotypes in a previous study (Norton et al., 2010). Overall,  the accumulation of arsenic in 
the rice plants occurs mainly in the roots as the transfer factor values (TF) obtained were less 
than 1. In addition, a rice plant could be classified as an arsenic accumulator since the BAC 
values for both agricultural lands were between 1 and 10, which confirms good arsenic transfer 
from soil to the  plant root. 
The arsenic concentration in unprocessed grains (wholegrain) produced in contaminated and 
control plots ranged from 1.6 – 1.85 mg/kg and 1.14 – 1.30 mg/kg (d.w.), respectively. These 
values are fit well with As data reported by Sinha and Bhattacharyya (2015) and Shrivastava et 
al. (2017) for the rice grains from field sites of Nadia district in the West Bengal, ranging 
between 1.1 - 1.76 mg/kg As (d.w.). Similarly, As concentrations between 1.7 and 1.8 mg/kg 
(d.w.) also have been reported by Meharg and Rahman (2003) for rice grown in contaminated 
areas of Bangladesh (46 mg/kg As d.w. in soil). However, results from the present study are 
higher than the previously reported in the rice grain for other part of West Bengal as in Appendix 
5A. Although the rice grown in the control fields showed a significantly lower level of arsenic 
than in the plots irrigated with groundwater, both values exceed the permissible limit of the 
WHO (1 mg/kg) for As in food (Barla et al., 2017).  
Chapter 6: The Bengal Delta, India Case Study 
253 
 
Table 6.4 Concentration of As, Mn Fe and other trace elements for various rice plant components collected at different growth 
phases. Plants taken from plots irrigated with pond (n=3) and groundwater (n=12). Values are reported as mean ± 
standard deviation. 
 
Elements 
Type of 
irrigation 
water 
Roots Shoots  
Whole 
Grains
a
 
Vegetative Reproductive Ripening Vegetative Reproductive Ripening Ripening 
As Pond 54.05 ± 2.38 56.65 ± 2.09 55.14 ± 3.76 3.10 ± 0.98 2.81 ± 0.71 2.64 ± 0.33 1.22 ± 0.08 
  Groundwater 159.06 ± 33.68 313.05 ± 98.55 159.45 ± 121.06 4.61 ± 1.15 5.05 ± 1.40 7.18 ± 2.02 1.73 ± 0.13 
Mn Pond 86.13 ± 6.8 74.31 ± 5.0 71.18 ± 3.6 113.33 ± 28.2 190.48 ± 77.4 159.27 ± 88.2 16.33 ± 2.8 
  Groundwater 43.75 ± 8.0 83.45 ± 26.9 88.67 ± 33.4 125.44 ± 37.1 154.08 ± 81.4 129.75 ± 72.5 14.35 ± 4.2 
Fe Pond 3821.2 ± 129.5 9895.6 ± 459.3 7525.4 ± 515.2 311.9 ± 82.3 611.2 ± 279.3 262.0 ± 106.3 50.8 ± 5.3 
  Groundwater 8292.4 ± 533.6 10607.6 ± 3347.3 10392.6 ± 2830.9 488.5 ± 260.0 557.7 ± 335.2 694.8 ± 231.1 326.4 ± 12.7 
V Pond 8.40 ± 0.10 13.82 ± 0.10 9.30 ± 1.50 0.97 ± 0.05 1.12 ± 0.21 0.53 ± 0.04 0.20 ± 0.01 
  Groundwater 6.13 ± 0.41 7.13 ± 0.06 8.67 ± 0.30 0.66 ± 0.10 0.88 ± 0.15 0.97 ± 0.20 0.52 ± 0.05 
Cu Pond 4.30 ± 0.42 5.14 ± 0.30 6.22 ± 0.20 1.69 ± 0.10 2.18 ± 0.31 1.86 ± 0.19 2.82 ± 0.16 
  Groundwater 4.24 ± 0.11 4.71 ± 0.16 5.39 ± 0.47 1.76 ± 0.52 1.28 ± 0.60 1.61 ± 0.67 3.55 ± 0.30 
Zn Pond 6.79 ± 0.07 5.59 ± 0.13 7.90 ± 0.18 4.46 ± 0.64 4.76 ± 0.20 4.78 ± 0.60  3.62 ± 0.48 
  Groundwater 8.90 ± 0.33 7.50 ± 0.41 8.62 ± 1.60 4.11 ± 0.23 3.53 ± 1.30 4.01 ± 1.61 3.96 ± 0.77 
Mo Pond 0.20 ± 0.04 0.19 ± 0.03 0.19 ± 0.10 1.26 ± 0.15 0.64 ± 0.02 0.56 ± 0.03 0.43 ± 0.08 
  Groundwater 0.70 ± 0.06 0.44 ± 0.10 0.46 ± 0.02 1.71 ± 0.14 1.44 ± 0.04 1.15 ± 0.05 0.86 ± 0.13 
a unpolished rice grain. 
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When comparing the levels of As in grains (Table 6.4) and associated soils (Table 6.3) of 
locally grown rice the results agreed with the conclusion drawn by van Geen et al. (2006) 
who indicated that although irrigation with groundwater causes a significant As accumulation 
in the cultivation soils, it is not translated into a proportional increase in the arsenic found in 
the grains. One hypothesis that could explain this effect is the reduction in arsenic 
bioavailability by the presence of high Fe levels in the groundwaters, as suggested by the 
studies carried out by Yu et al. (2017) and Vromman et al. (2013). Another factor that may 
influence the capacity of the plants to accumulate arsenic is the presence of phosphate (Sinha 
& Bhattacharyya, 2015) although phosphorous levels in soils were not available for these 
samples to confirm such a hypothesis. 
Like As, the concentration of Fe, V, Cu and Zn also displayed high levels in roots, followed 
by shoots and rice grains although some levels of variability exist within the vegetative, 
reproductive and ripening stages (Table 6.4). However, the manganese and molybdenum data 
show completely different trends with the levels in the shoots being higher when compared 
with other plant components. In terms of the iron levels, there was no apparent accumulation 
in the soils from the plots irrigated with pond waters when compared with the fields flooded 
with groundwaters (Table 6.3, 24511 vs. 24354 mg/kg Fe d.w., respectively). The iron levels 
in the grains produced in these fields were six times higher for the later crops (326 vs. 51 
mg/kg Fe d.w.), which together with the iron levels in the two types of water (Table 6.2) 
might suggest that the possible accumulation of iron in rice is mainly dependent on its 
concentration in the irrigation water and not in the soils. This comparable to the previous 
work done in another location in the Chakdaha block of West Bengal by Shrivastava et al. 
(2017). Although the levels of iron in their soil was much higher than the present study, the 
concentration of Fe in the wholegrains were two times lower than the values reported in the 
Table 6.4. Thus, this may suggest that the higher Fe concentration in the groundwaters of the 
present study (Table 6.2) may has significantly contribute to elevated Fe concentrations in the 
whole grains. In addition, similar trends were observed in other parts of the plants and stages 
of growth, they were not as clear as for the grains, due to the high variability in the data 
(Table 6.4).  
In relation to the manganese data, no significant differences were observed between the two 
sets of plant samples collected from the control and contaminated plots. This was observed 
despite the elevated levels of manganese in the groundwaters, when compared with the pond 
waters (216 vs. 11 µg/l Mn, Table 6.2). In the case of Mo, the concentration in rice plant parts 
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were consistently higher in contaminated land compared to the control sites although both 
type of irrigation water showed similar elemental concentrations. For the rice plant tissues, 
Mo was found to be higher in the shoots and grains when compared with the roots, which 
indicates that high translocation may have occurred from the roots to the above-ground 
tissues. This may be because Mo is a cofactor for the enzyme which is required in the 
metabolism of nitrogen necessary for plant growth (Appendix 1A). In relation to other trace 
elements, the data for the rice plant parts for both the control and contaminated fields did not 
show any significant differences in the concentrations of V, Cu, and Zn (Table 6.4). This is 
probably due to low content of these elements in the irrigation waters (Table 6.2) and field 
soils (Table 6.3).   
 Arsenic and other trace elements in raw and cooked rice 6.5
 Unwashed raw rice 6.5.1
As shown in Table 6.5, the concentration of total arsenic in raw unwashed rice ranged from 
0.03 to 0.24 mg/kg As (d.w.), with the samples of locally grown polished rice (processes, de-
husked) having higher levels (0.14 - 0.24 mg/kg d.w.) than polished rice purchased in the 
local markets (0.08 - 0.10 mg/kg d.w.) and supermarkets (0.05 – 0.07 mg/kg d.w.). The 
results are consistent with the review done by Rahman and Hasegawa (2011) on rice samples 
collected from market baskets, households and field contaminated areas of West Bengal, 
which ranged between 0.02 – 0.48 mg/kg As d.w. It must be noted that the concentrations of 
arsenic in the de-husked rice grains of local rice varieties (Table 6.5) were one order of 
magnitude lower than the values in the whole grains (Table 6.4). This confirms the results of 
previous studies (Liu et al., 2005; Huq et al., 2006) showing that arsenic tends to accumulate 
mainly in the husk rather than in the rice grains. Furthermore, locally grown in fields irrigated 
with groundwater (variety 1), showed slightly higher arsenic levels than the rice irrigated 
with pond water (variety 2). Similarly, van Geen et al. (2006) reported 2 to 3 times higher 
arsenic concentrations in rice grains produced in a region of Bangladesh known to be 
irrigated with groundwaters elevated in arsenic (80 – 180 µg/l).  
In terms of manganese content of the raw/unwashed samples, the concentrations for locally 
grown varieties were significantly higher (14.31 – 18.25 mg/kg d.w.) than for commercial 
samples (4.81 – 7.19 mg/kg d.w.). Overall, no marked differences were observed when 
comparing the locally grown wholegrain (14.35 – 16.33 mg/kg d.w. in Table 6.4) and the de-
husked grains (Table 6.5). Manganese levels in rice grown in other areas of West Bengal 
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have been reported by Roychowdhury et al. (2003) over the range of 3.35 and 11.7 mg/kg. 
On the other hand, the levels of iron in the commercial samples varied over a wide range 
(5.88 – 20.48 mg/kg d.w.), when compared with data for local varieties (14.31 – 18.25 mg/kg 
d.w.). Reported values for iron in rice produced along the north and west coasts of India also 
varied broadly between 17.2 (Yadav et al., 2017) and 63.24 mg/kg (Singh et al., 2014), 
respectively. In terms of data for the whole grains (Table 6.4) there was a significant 
difference between the Fe levels in the samples irrigated with pond and groundwaters. Such a 
divergence was not observed for the de-husked samples in Table 6.5, which would suggest 
that iron, like in the case of arsenic, tends to accumulate in the husk.  
On the other hand, with the information available, it is not possible to confirm whether the 
differences in the concentration of trace elements between the two groups of samples (i.e. 
locally produced and commercial) are due to the polishing process of the rice grains, or 
because of differences in the cultivation conditions, geographical origin or plant varieties. 
However, all the other elemental levels (other than As) for commercial rice from India (Table 
6.5 and Appendix D) were in agreement with the concentrations found in a previous study 
and for rice purchased from the UK market, as reported in Table 5.6 (section 5.2.1, Chapter 
5). The only exceptions are for Fe (up to four times increased) and V concentrations (one 
magnitude order increased). 
 Washed raw rice 6.5.2
Overall, washing of all rice varieties with tap water (2.05 µg/l As) led to a decrease in the 
content of the three analytes. However, iron resulted in higher losses during washing, with 
percentage decreases from 9 up to 79%, whilst the manganese levels ranged from 5 to 24% 
and 7 to 32% for arsenic (Table 6.5). In another study conducted on Indian rice by Sengupta 
et al. (2006), up to 28% of the arsenic removal was observed as a result of washing the 
material. However, recent results by Halder et al. (2014) for samples from West Bengal, 
showed that rinsing the rice with water, even at concentrations below 10 µg/l As, had little 
effect on the arsenic content of the grains (1 - 4% reduction). It must also be noted that in the 
case of the commercial samples used here, despite the fact that the original concentrations of 
arsenic in the unwashed rice were quite similar, the effect of washing ranged over a wide 
interval (6% to 32% reduction), which matched previous observations by Raab et al. (2009) 
(1% to 15% reduction). In that study it was noted that the extent of arsenic removal by 
washing varied according to the type of rice. Therefore, the variability in the results and the 
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degree of comparison with literature values may be associated with this observation. When 
the rice was washed with groundwater containing ca. 94 µg/l As, the variability associated 
with the types of samples was even greater. In contrast, for samples grown locally or 
purchased in the local market, the level of arsenic increased (2% to 121%). As such, the 
values decreased (16%) or increased (7%) slightly for all commercial samples purchased 
from supermarkets (Table 6.5).  
Despite the marked difference in the manganese levels in the tap and groundwater (0.33 and 
216 µg/l, respectively, Table 6.2), there were no significant differences in the levels of 
manganese in the grains washed with both types of water. In terms of the iron data, the levels 
in the rice washed with groundwater only increased markedly for one of the locally grown 
varieties (variety 1, 269% increase), whilst for the other samples the trend was similar to that 
observed after rinsing with tap water (12 and 8381 µg/l Fe in tap and groundwater, 
respectively, Table 6.2). For other trace elements, washing of the raw rice, either using tap or 
contaminated water, has reduced the levels of Mo, V, Cu and Zn in the raw rice, as shown by 
the low concentrations in washing water (Table 6.2). The reduction varied between the type 
of rice, with a total reduction of 11 – 26 %, 13 – 62 %, 5 – 50 %, 7 – 40 % for Mo, V, Cu and 
Zn, respectively (Appendix D). These observations were similar to the results found for rice 
washing using Argentine water (tap and groundwaters) as discussed in Chapter 5. 
 Cooked rice 6.5.3
In the present study, the effect of cooking in terms of the concentration of arsenic in rice 
showed two clearly different trends. Firstly, a general decrease in the arsenic levels was 
found for rice grains cooked with As-safe water (2.05 As µg/l). Alternatively, the levels 
increased for rice boiled with groundwater containing 94 µg/l arsenic. This resulted in a 90 % 
to 230 % increase of the arsenic content for most varieties of rice (Table 6.5). As already 
reported for the effect of washing the rice, the data for cooking rice showed a high level of 
variability (0.066 - 0.80 mg/kg As d.w.), suggesting that different varieties of rice grains have 
different capabilities of removing and/or uptaking arsenic (Ohno et al., 2009). Among all the 
rice varieties, only locally grown rice (variety 1: 0.80 mg/kg As d.w.; variety 2: 0.35 mg/kg 
As d.w.) exceeded the normal As level of 0.20 mg/kg d.w. (Zavala & Duxbury, 2008) after 
the rice had been subjected to cooking processes using groundwater. Several mechanisms 
have been suggested to explain the variation in the arsenic levels observed during cooking. 
Firstly, a loss of arsenic can occur through solubilisation or it can also be concentrated 
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through loss of water. Secondly, arsenic may be lost through volatilisation or to a lesser 
extent, due to arsenic chelation and/or absorption with certain macronutrients (carbohydrates, 
lipids, and proteins) in the rice grains (Bae et al., 2002). Therefore, further studies on the 
nutritional and morphological characteristics of the different varieties of rice grains are 
necessary in order to establish their capacity to retain arsenic.  
The results presented here are in good agreement with previous studies using similar cooking 
methods (i.e. traditional cooking in excess water) with water containing arsenic levels below 
10 µg/l (Sengupta et al., 2006; Raab et al., 2009; Halder et al., 2014). These studies reported 
the effective removal of arsenic through washing and cooking. However, the use of As-
contaminated water in rice cooking led to a significant accumulation of arsenic in the cooked 
rice as reported in the Chapter 5 and other previous studies (Bae et al., 2002; Rahman et al., 
2006; Signes et al., 2008c). 
Also in this study, the cooking of rice reduced the amount of manganese for both types of 
water. Interestingly, the greater reduction in the levels of Mn occurred using tap water (0.33 
µg/l Mn), namely, from 24 to 44% for the different varieties. In contrast, when cooking was 
done using groundwater (216 µg/l Mn) the reduction in manganese for the rice grains ranged 
over 0.4 to 38%. In the case of iron, there was more variability in the rice cooking results. 
When using tap water (12 µg/l Fe) the concentration in the cooked rice decreased for all 
samples (16 to -86 % across all varieties), whilst for groundwater (8381 µg/l Fe) the results 
depended greatly on the type of rice. That is, in some cases the reduction in iron levels was 
19%, whilst for other rice varieties there was an increase of around 180 % (Table 6.5). For 
other trace elements (Appendix C12), both varieties 1 and 2 were not showing a significant 
difference in terms of the percentage loss during cooking of the washed rice using tap and 
groundwater. As such, heating treatment did have a significant effect in reducing the content 
of trace elements in cooked rice compared to the original raw content levels. This difference 
depended on the rice types. However, a slight difference was observed between the loss of 
Mo, V, Cu and Zn in the local and supermarket varieties (Apendix C12). In addition, the Cu 
content varied in the cooked rice using both water types (from 9% reduced to 17 % increased 
of the raw rice value) where most of the varieties showed an increase in the Cu levels 
compared to the concentration of the washed rice, even though such an increase was still 
lower than the original content of the raw rice (unwashed content). Further investigation may 
need to be undertaken in the future since this observation was also seen for rice cooked using 
Argentine waters (section 5.3 – 5.5 in Chapter 5).  
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Table 6.5 Arsenic and other elements in raw, washed and cooked rice samples (mg/kg d.w., mean ± standard deviation; n=3). The number 
in brackets represents the percentage increase/decrease in the elemental concentration compared to the initial levels in 
raw/unwashed rice. 
 
 
Varieties  Elements Raw / 
Unwashed  
Washed Cooked 
Tap water Groundwater Tap water Groundwater 
Variety 1 
- Field irrigated with 
groundwater 
- Short, bold and polished 
As 0.241 ± 0.010 0.225 ± 0.012 (-7) 0.532 ± 0.01 (+121) 0.19 ± 0.014 (-21) 0.80 ± 0.010 (+232) 
Mn 14.31 ± 0.33 13.29 ± 0.07 (-7) 13.96± 0.38 (-2) 10.86 ± 0.10 (-24.1) 12.02 ± 0.13 (-16) 
Fe 15.17 ± 0.11 13.0 ± 0.40 (-14) 55.91 ± 1.15 (+269) 6.97 ± 0.40 (-54)  40.07 ± 0.85 (+164) 
Variety 2 
- Field irrigated pond water 
- Short, bold and polished 
As 0.145 ± 0.009 0.125 ± 0.001 (-14) 0.157 ± 0.002 (+8) 0.096 ± 0.001 (-34) 0.35 ± 0.004 (+141) 
Mn 18.25 ± 0.51 17.26 ± 0.40 (-5) 17.52 ± 0.02 (-4) 11.09 ± 0.17 (-39) 12.55 ± 0.02 (-31) 
Fe 14.11 ± 0.72 12.76 ± 0.17 (-10) 15.04 ± 0.62 (+7) 7.69 ± 0.08 (-45) 14.29± 0.84 (+1) 
Gosai 
- Local market variety 
- Short, bold and polished 
As 0.097 ± 0.006 0.090 ± 0.003 (-7) 0.120 ± 0.003 (+24) 0.048 ± 0.001 (-51) 0.094 ± 0.001 (-3) 
Mn 4.81 ± 0.17 3.83 ± 0.13 (-20) 4.09 ± 0.04 (-15) 3.19 ± 0.073 (-34) 4.79 ± 0.004 (-0.4) 
Fe 13.26 ± 0.14 8.51 ± 0.02 (-36) 9.49 ± 0.24 (-28) 3.56 ± 0.10 (-73) 12.08 ± 0.51 (-9) 
Shatabdi 
- Local market variety 
- Short, bold and polished 
As 0.082 ± 0.003 0.067 ± 0.003 (-18) 0.084 ± 0.003 (+2) 0.053 ± 0.001 (-35) 0.157± 0.002 (+91) 
Mn 5.24 ± 0.15 3.98 ± 0.06 (-24) 4.2 ± 0.03 (-20) 2.92 ± 0.12 (-44) 5.09 ± 0.02 (-3)  
Fe 11.52 ± 0.24 7.86 ± 0.28 (-32) 8.94 ± 0.04 (-22) 3.56 ± 0.20 (-69) 19.18 ± 0.01 (+66)  
Kohinoor® 
- Supermarket variety 
- Long, slender and polished 
As 0.053 ± 0.003 0.050 ± 0.003 (-6) 0.054 ± 0.001 (-2) 0.045 ± 0.003 (-15) 0.146 ± 0.001 (+175) 
Mn 5.48 ± 0.05 5.06 ± 0.15 (-8) 5.76 ± 0.15 (+5) 3.30 ± 0.09 (-40) 4.09 ± 0.11 (-25) 
Fe 20.48 ± 0.20 4.26 ± 0.05 (-79) 5.24 ± 0.05 (-74) 3.23 ± 0.45 (-84) 16.50 ± 0.02 (-19) 
Lal Qila® 
- Supermarket variety 
- Long, slender and polished 
As 0.072 ± 0.008 0.049 ± 0.002 (-32) 0.062 ± 0.001 (-14) 0.016 ± 0.001 (-78) 0.066 ± 0.001 (-8) 
Mn 7.19 ± 0.25 6.42 ± 0.02 (-11) 6.91 ± 0.01 (-4) 5.32 ± 0.10 (-26) 4.45 ± 0.01 (-38)  
Fe 15.95 ± 0.48 8.18 ± 0.01 (-49) 10.18 ± 0.01 (-36) 5.91 ± 0.08 (-63) 16.50 ± 0.57 (+3) 
Mini Dawat® 
- Supermarket variety 
- Long, slender and polished 
As 0.052 ± 0.003 0.047 ± 0.003 (-10) 0.056 ± 0.003 (+8) 0.036 ± 0.001 (-31) 0.158 ± 0.001 (+204) 
Mn 5.76 ± 0.40 4.808 ± 0.39 (-17) 4.97 ± 0.01 (-14) 3.85 ± 0.07 (-33) 4.93 ± 0.08 (-14) 
Fe 5.88 ± 0.03 5.36 ± 0.27 (-9) 6.99 ± 0.05 (+19) 4.92 ± 0.04 (-16) 10.40 ± 0.45 (+77) 
India Gate® 
- Supermarket variety 
- Long, slender and polished 
As 0.056 ± 0.005 0.051 ± 0.003 (-9)  0.060 ± 0.003 (+7) 0.035 ± 0.001 (-38) 0.178 ± 0.001 (+218) 
Mn 5.70 ± 0.06 4.89 ± 0.15 (-14) 5.17 ± 0.07 (-9) 3.67 ± 0.03 (-36) 5.26 ± 0.10 (-8) 
Fe 9.55 ± 0.08 4.31 ± 0.46 (-55) 6.28 ± 0.22 (-34) 3.26 ± 0.05 (-66) 26.85 ± 0.05 (+181) 
Patanjali® 
- Supermarket variety 
- Long, slender and polished 
As 0.057 ± 0.005 0.042 ± 0.003 (-26) 0.048 ± 0.005 (-16) 0.032 ± 0.002 (-44) 0.169 ± 0.003 (+196) 
Mn 5.55 ± 0.10 4.41 ± 0.03 (-21) 4.50 ± 0.03 (-19) 3.76 ± 0.002 (-32) 5.22 ± 0.01 (-6) 
Fe 19.42 ± 0.80 4.66 ± 0.08 (-76) 6.76 ± 0.08 (-65) 2.73 ± 0.02 (-86) 21.56 ± 0.12 (+11) 
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 Estimation of elemental daily dietary intake from the consumption 6.6
of water and rice  
 Total estimation of As daily intake 6.6.1
Since rice alone represents more than 70% of the total daily food intake of the population in 
West Bengal (Signes-Pastor et al., 2008) an assessment of the possible intake of arsenic 
through drinking water and cooked rice has been included in the present work. In West 
Bengal, only few studies have estimated the daily arsenic dietary intake based on the cooked 
rice (Sengupta et al., 2006; Pal et al., 2009; Samal et al., 2011; Halder et al., 2014). However, 
the cooking water that used for rice cooking was As-safe water (< 10 µg/l As), which 
significantly lower compared to the present study (Table 6.2).  
In this study, the daily intake of total As (DI) was calculated (Table 6.6) from the average 
data provided by a verbal communication with the local population. Each adult (n = 114) and 
child (n = 50) provided data on their daily consumption of rice and water. The proportion of 
inorganic arsenic (a combination of both iAs
III
 and iAs
V
) in the contaminated water was 85 % 
(based on the speciation data reported in Table 6.2). Based on the data summaries from 
previous studies, the arsenic in rice from West Bengal was mainly in inorganic species, 
representing more than 80 % of the arsenic total in the rice (Halder et al., 2013). In addition, 
Signes et al. (2008c) has reported that the cooking process did not change the arsenic 
speciation in cooked rice. As such, when inorganic arsenic cooking water was used for the 
rice cooking, the arsenic species in the cooked rice was similar to that cooking water. Thus, 
the level of inorganic arsenic in the rice was taken to be 85 %, same as the water.  
The World Health Organisation (WHO) has established a provisional tolerable weekly intake 
(PTWI) for iAs of 15 μg/week/kg body weight (section 1.3.1, Chapter 1), which can be 
converted into a tolerable daily intake (TDI) of 124 μg/day for adults and 43 μg/day for 
children. This is based on assuming that the average body weight for adults and children in 
the study area was approximately 60 kg and 20 kg (Sengupta et al., 2006), respectively 
Although the PTWI have been withdrawn in 2010 and replaced with BMDL0.5 of 3 µg/kg/day, 
most of the reported studies on the West Bengal compared the estimated As daily dietary 
intake to the PTWI or TDI values. Therefore, this present study will consider both reference 
values when estimating the As daily dietary intake for comparative purposes.  
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Table 6.6 The estimation of daily intake AsT and iAs (d.w.) for drinking water (DW) and cooked rice (CR) using ground (GW) and tap 
water (Tap) in this study. 
 
Person/Ref. Rice Type 
 
 Daily consumption 
 
 
 
AsT (iAs*) in 
drinking 
waterb 
(µg/day) 
AsT in 
cooked rice 
(µg/g d.w.) 
 
AsT (iAs*) in 
cooked rice 
(μg/day)c 
 
Total AsT (iAs*)  exposure 
from water + cooked rice 
(μg/day) 
 
Total estimate of daily intake 
(EDI)d iAs 
(μg/day/kg b.w.) 
 
Water 
(l/day) 
Rice 
(g/daya) 
GW 
(A) 
Tap 
(B) 
GW 
 
Tap 
 
GW 
(C) 
TAP 
(D) 
GW 
(A+C) 
TAP 
(B+D) 
Mixed 
(B+C) 
GW 
(A+C) 
TAP 
(B+D) 
Mixed 
(B+C)e 
Adults 
(60 kg body 
weight) 
Locally grown 1 
 
3.5 
 
 
 
 
 
 
 
750 
 
 
 
 
 
 
 
329  
(278) 
7.2 
(6.5) 
0.8 
 
0.19 
 
600  
(510) 
143 
(121) 
929 
(788) 
150 
(128) 
607 
(517) 
13.1 
 
2.1 
 
8.6 
 
Locally grown 2 
 
329  
(278) 
7.2 
(6.5) 
0.35 
 
0.1 
 
263  
(223) 
75 
(64) 
592 
(501)  
82  
(71) 
270 
(230) 
8.4 
 
1.2 
 
3.8 
 
Local markets 
 
329  
(278) 
7.2 
(6.5) 
0.13 
 
0.05 
 
98  
(83) 
38 
(32) 
427 
(361) 
45  
(39) 
105  
(90) 
6.0 
 
0.7 
 
1.5 
 
Supermarkets 
 
329  
(278) 
7.2 
(6.5) 
0.14 
 
0.03 
 
105 
(89) 
23 
(19) 
434 
(367) 
30  
(26) 
112  
(96) 
6.1 
 
0.4 
 
1.6 
 
Children 
(20 kg body 
weight) 
Locally grown 1 
 
2  
  
  
  
 
 
 
 
500 
  
  
  
 
 
 
 
188  
(159) 
4.1 
(3.7) 
0.80 
 
0.19 
 
400  
(340) 
95 
(81) 
588 
(499) 
99  
(85) 
404 
(344) 
25.0 
 
4.3 
 
17.2 
 
Locally grown 2 
 
188  
(159) 
4.1 
(3.7) 
0.35 
 
0.10 
 
175  
(149) 
50 
(43) 
363 
(308) 
54  
(47) 
179 
(153) 
15.4 
 
2.4 
 
7.6 
 
Local markets 
 
188  
(159) 
4.1 
(3.7) 
0.13 
 
0.05 
 
65  
(55) 
25 
(21) 
253 
(214) 
29  
(25) 
69  
(59) 
10.7 
 
1.3 
 
2.9 
 
Supermarkets 
 
188  
(159) 
4.1 
(3.7) 
0.14 
 
0.03 
 
70  
(60) 
15 
(13) 
258 
(219) 
19  
(17) 
74  
(64) 
11.0 
 
0.9 
 
3.2 
 
FAO/WHOf 
 
Drinking water and 
food 
   
 
 
         
3 
 
 
3 
 
 
3 
 
 
*The percentage of iAs is 85 % of AsT in water or cooked rice.  
a Rice consumption based on dry weight.  
b Drinking water consumption: [daily consumption of water (l/day) x concentration (µg/l)]. 
c Cooked rice consumption: [daily consumption of cooked rice (g/day) x concentration (µg/g)]. 
d EDI [µg day/kg body weight (b.w)]: [concentration of iAs x the rate of consumption]/60 kg body weight.  
e Calculation based on the consumption of tap drinking water and cooked rice using groundwater.  
f The recommendation As daily intake benchmark dose (BMDL0.5) by WHO/FAO (JECFA, 2010). 
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The calculated daily intake (DI) of As obtained from consuming and cooking rice using this 
local groundwater ranged from 427 to 929 μg/day AsT (equivalent to 361 to 788 μg/day iAs) 
for adults. The respective levels for children are 253 to 588 μg/day AsT (214 to 499 μg/day 
iAs). Therefore, the estimated DI values for adults and children are well above the 
recommended TDI for arsenic (total and inorganic) (Table 6.6). In some cases, the village 
inhabitants may be using As-safe tap water for drinking water since they have been educated 
about the risk of drinking As-contaminated water, but may continuously be using 
groundwater for the cooking of rice. If this is the case, both adult and child TDI values for 
locally grown rice (varieties 1 and 2) could still exceed the recommended TDI as the cooked 
rice has contributed the majority of the As to the calculated daily intake value (Table 6.6). 
In contrast, when tap water was used for drinking water and rice cooking, only the 
consumption of locally grown variety 1 rice resulted in a DI over the recommended TDI 
value. As such, the recommended TDI value for all other varieties of rice using tap water 
were at least 6 times lower than the TDI using groundwater for drinking water and rice 
cooking. This value is below the prescribed limit recommended by the World Health 
Organisation (WHO, 2008). In addition, the arsenic daily intake from cooked rice using the 
tap water in the present study (15 – 143 µg/day AsT) were comparable with the previous 
studies reported in the West Bengal, ranged between 15 and 126 µg/day AsT (Sengupta et al., 
2006; Pal et al., 2009; Samal et al., 2011). The results also in agreement with studies from 
Bangladesh, where rice contributed about 107 µg/day AsT (Ohno et al., 2007) or 144 µg/day 
AsT (Correll et al., 2006). Furthermore, reported studies on West Bengal have indicated a 
remarkable level of variability in the estimation of iAs exposure from the consumption of 
rice. These studies have reported values from 196 µg/day iAs (Signes-Pastor et al., 2008) to 
2191 µg/day iAs (Sinha & Bhattacharyya, 2015). However, these calculations were based on 
the arsenic concentration of the raw product, and did not take into an account the contribution 
of the water used for cooking.  
In term of rice cooking using As contaminated water, an estimation of iAs daily dietary 
intake fro West Bengal was often based on the rice that cooked using arsenic spiked water at 
different concentrations under laboratory conditions and not directly from the water source 
(tube well groundwater) (Signes et al., 2008b; Signes et al., 2008c). In comparison to the 
present study in Argentina (section 5.52, Chapter 5), the As daily intake from West Bengal 
was significantly higher than the As daily intake for Argentina, although for the latter study, 
Chapter 6: The Bengal Delta, India case study 
263 
 
much higher As levels existed in the cooking water (up to 1360 µg/l As) used in the rice 
cooking (up to 2.04 mg/kg AsT d.w. in cooked rice). An explanation of why the Indian intake 
was higher is mainly due to the significantly higher daily rice consumption rate for Indian 
individuals compared to Argentine residents. 
A calculation was done of the 0.5% benchmark dose (BMD0.5) associated with an increased 
incidence of lung cancer for adults and children who have consumed the locally grown 
cooked rice that was prepared from As-contaminated groundwater. It was found that both 
adult and children were potentially at risk when consumed locally grown varieties 1 and 2 (> 
3 µg/day/kg body weight iAs) regardless of water type used for the drinking water (Table 
6.6). Moreover, children would be highly vulnerable (10.7 – 25 µg/day/kg body weight iAs) 
to As related diseases if the water source for drinking water and rice cooking solely depended 
on the As-contaminated groundwater. In addition, the daily iAs dietary intake from cooked 
rice for an adult in this study was comparable with the study done by Halder et al. (2014), 
who has reported the iAs daily intake from cooked rice over the range of 0.10 to 4.79 μg/day/ 
kg body weight iAs. Overall, the present data in Table 6.6 also showed that the cooked rice 
contributes to the majority of total As daily intake when groundwater was used for the 
cooking of rice varieties 1 and 2. However, the percentage contribution of total As daily from 
rice was found to be even more higher (> 90 %) when the concentration in the drinking water 
was at low level (i.e. using tap water). 
 Total estimation of other trace elements daily intake 6.6.2
Tables 6.7 and 6.8 report the contribution of drinking water and cooked rice to the total daily 
intake of V, Mn, Fe, Cu, Zn and Mo. Since the groundwater of West Bengal also contained 
elevated levels of Fe and Mn, the consumption of drinking water and cooked rice from this 
source will significantly increase the daily dietary intake of both elements. In the case of Fe, 
the intake of drinking water (16762 – 29334 µg/day Fe) or cooked rice (9180 – 30053 µg/day 
Fe) alone exceed the recommended daily intake of 8000 µg/day Fe, as suggested by the 
Institute of Medicine (IOM, 2000). However, the daily intake of Fe only surpassed the 
tolerable daily intake for children (40000 µg/day Fe) and adults (45000 µg/day Fe) when they 
drink from the groundwater source and use similar water in the cooking of rice variety 1 
(Table 6.7). Such increases were also observed for the Mn intake from both drinking water 
(432 - 757 µg/day Mn) and cooked rice (2395 - 9413 µg/day Mn) using groundwater source. 
Similarly, a higher daily dietary intake of Mn also reported by Kumar et al. (2016a) in other 
Chapter 6: The Bengal Delta, India case study 
264 
 
state of India, where combination of drinking water (1637 µg/day Mn) and cooked rice (2240 
µg/day Mn) was 3877 µg/day Mn. Like Fe, the ingestion of cooked rice alone from this 
source exceeds the recommended daily intake for children (1200 – 1500 µg/day Mn) and 
adults (2300 µg/day Mn). Consequently, the total Mn daily intake for both drinking water and 
cooked rice from a groundwater source surpasses the tolerable limit of the daily intake for 
children, but not for adults which is almost twice that for the children (Table 6.7).  
In the case of V, Cu, Zn and Mo, the data clearly shows that the total elemental daily intake 
(drinking water and cooked rice) using tap and groundwater were not significantly different 
and none of these values exceed the tolerable intake as recommended by the Institute of 
Medicine (IOM, 2000). This means that the low concentrations of these elements in cooking 
water and the removal of the original content in the raw rice during the washing and cooking 
steps results in the opposite effect to Fe and Mn. An estimation of the daily dietary intake of 
Mn from both locally grown cooked rice (varieties 1 and 2) using local groundwater was 
found to be higher than the average daily intake of Mn reported in another district of West 
Bengal for uncooked rice (Roychowdhury et al., 2003). The daily intake of other elements 
from cooked rice, namely Cu and Zn, were also much lower than the reported data. However, 
in other part of India, Kumar et al. (2016a) has reported much higher of Cu and Zn daily 
intake from drinking water (12.74 µg/day Cu and 112 µg/day, with daily consumption of 3 
litres) but fit well for consumption of the cooked rice (1640 µg/day Cu and 3448 µg/day, with 
daily consumption of 425 g). The difference of elemental daily dietary intake with the 
previous studies could be due to the effects of rice preparation (washing and cooking) and the 
rice types used in their estimating the daily dietary intake. Therefore, this has highlight the 
importance of estimation the elementals daily dietary intake based on the cooked rice as the 
rice preparation (washing and cooking) have clearly altered the chemical composition of the 
raw rice.  
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Table 6.7 The estimation of daily intake V, Fe and Mn for drinking water (DW) and cooked rice (CR) using ground (GW) and tap water 
(Tap) in this study. 
 
 Person/ 
reference   
 
Rice Type 
 
 
V Fe Mn 
DW (µg/day) CR (µg/day d.w.) DW (µg/day) CR (µg/day d.w.) DW (µg/day) CR (µg/day d.w.) 
GW Tap GW Tap GW Tap GW Tap GW TAP GW TAP 
Adults 
Locally grown 1 1.2 0.1 6.6 6.6 29334 42.6 30053 5228 757 1.2 9015 8145 
Locally grown 2 1.2 0.1 6.6 6.6 29334 42.6 10718 5768 757 1.2 9413 8318 
Local markets 1.2 0.1 6.6 6.6 29334 42.6 11723 2670 757 1.2 3705 2291 
Supermarkets 1.2 0.1 6.6 6.6 29334 42.6 13770 2730 757 1.2 3593 2985 
Children 
Locally grown 1 0.7 0.1 4.4 4.4 16762 24.3 20035 3485 432 0.7 6010 5430 
Locally grown 2 0.7 0.1 4.4 4.4 16762 24.3 7145 3845 432 0.7 6275 5545 
Local markets 0.7 0.1 4.4 4.4 16762 24.3 7815 1780 432 0.7 2470 1528 
Supermarkets 0.7 0.1 4.4 4.4 16762 24.3 9180 1820 432 0.7 2395 1990 
IOM (2000) Tolerable daily intake  1800 45000 (adult), 40000 (children) 11000 (adult), < 6000 (Children) 
 
Table 6.8 The estimation of daily intake Cu, Zn and Mo for drinking water (DW) and cooked rice (CR) using ground (GW) and tap water 
(Tap) in this study. 
 
Person/ 
reference  
 
Rice Type 
 
 
Cu Zn Mo 
DW (µg/day) CR (µg/g d.w.) DW (µg/day) CR (µg/g d.w.) DW (µg/day) CR (µg/g d.w.) 
GW TAP GW TAP GW TAP GW TAP GW TAP GW TAP 
Adults 
Locally grown 1 4.8 3.4 2370 2370 24.7 27.5 3375 3360 3.0 1.8 300 270 
Locally grown 2 4.8 3.4 2790 2910 24.7 27.5 4418 4665 3.0 1.8 150 233 
Local markets 4.8 3.4 2115 1868 24.7 27.5 3083 3525 3.0 1.8 180 203 
Supermarkets 4.8 3.4 1883 1575 24.7 27.5 5618 5820 3.0 1.8 330 377 
Children 
Locally grown 1 2.7 1.9 1580 1580 14.1 15.7 2250 2240 1.7 1.0 200 180 
Locally grown 2 2.7 1.9 1860 1940 14.1 15.7 2945 3110 1.7 1.0 100 155 
Local markets 2.7 1.9 1410 1245 14.1 15.7 2055 2350 1.7 1.0 120 135 
Supermarkets 2.7 1.9 1255 1050 14.1 15.7 3745 3880 1.7 1.0 220 251 
IOM (2000) Tolerable daily intake  10000 (adult), 5000 (children) 40000 (adult), 23000 (children) 1100(adult), 4500 (children) 
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 Summary  6.7
This chapter has evaluated the levels of arsenic and other associated key elements in the 
groundwaters of Sarapur village in Chakdaha block, which located in the Nadia district of 
West Bengal, India. This area has been reported to have high levels of As in the groundwaters 
(tube wells). The groundwaters were in a reducing condition (Eh negative values) with 
circumneutral pH. The arsenic concentrations were well above the WHO guideline limits for 
drinking water (10 µg/l AsT), and the values ranged between 57.13 and 130.79 µg/l AsT with 
arsenite as the dominant species (80 % of the AsT). Two associated key elements, namely Fe 
and Mn, (which may have a strong influence on the levels of As available in these waters as 
under oxidising conditions ferric iron will form an insoluble complex with As) were found at 
elevated levels with mean values of 8381 µg/l and 216 µg/l, respectively. Other trace 
elements, namely, V, Cu, Zn and Mo were also determined and the concentrations of these 
elements were found to be significantly lower in the water, with values less than 10 µg/l. In 
contrast, tap and pond waters were used as ‗control‘ samples and were found have an alkaline 
pH (>8) and oxidising Eh levels. The As, Mn and Fe levels in these control samples were 
significantly lower than that found for groundwaters whilst no significant difference was 
observed for the levels other elements. The arsenic species for both water types were mainly 
in the form of iAs
V
, which represents more than 50 % of the AsT. 
Arsenic speciation analysis was also undertaken using a  in-situ field-based SPE method that 
was developed by Watts et al. (2010). This was used for the first time in relation to water 
studies in West Bengal, India. This method successfully preserved the arsenic species at the 
time of sampling the groundwaters in West Bengal, with a good percentage recovery of the 
arsenic species being between 88 to 108 % of the total arsenic level. The main arsenic species 
in the groundwaters was arsenite, iAs
III
. Other As species, namely, arsenate and organic 
arsenic (MA
V
 and DMA
V
) were also detectable although the percentage levels were less than 
4.4 % (mean) of the total arsenic concentration.  
The accumulation of As, Mn, Fe and other elements in the rice plants were further 
investigated since groundwaters (contamination plots) are commonly used for irrigation of 
the paddy fields in this area. The continuous irrigation of paddy fields with groundwater have 
significantly increased the concentration of these elements in the agricultural soils. The build-
up of arsenic in the soils results in uptake by the plant roots and then enhanced translocation 
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to other plant parts (shoots and grains). Among the plant parts, the roots had the highest 
arsenic levels, followed by the shoots and rice grains. A high degree of As transfer occurred 
from the soils to the plant roots, indicating that rice plants are good As accumulators.  In 
terms of rice grains, the concentration of As from contaminated plots were higher than that 
from the control plots, although both rice grains have arsenic levels more than 1 mg/kg d.w., 
(which is the permissible limit for As recommended by WHO (Barla et al., 2017). Overall, 
there is no evidence of proportional transfer of As, Mn and Fe from the contaminated plots to 
the rice even though the paddy fields are continuously irrigated with groundwater containing 
elevated level of these elements. The concentration of other trace elements in the rice plant 
parts did not show any significant differences between the two plots as was also found for the 
irrigation waters and/or agricultural soils for V, Cu, Zn and Mo.  
In the case of raw rice (processed rice grain),  the de-husking of the locally grown rice grains 
has reduced the elemental levels, implying that the grains are well shielded from As, Mn or 
Fe uptake via the irrigation water. However, the obtained polished raw rice - variety 1 (0.24 
mg/kg d.w.) was still found to be higher than the reported global normal maximum value for 
arsenic in rice. Other rice varieties, including the polished raw rice collected from control 
plots (pond) and local markets, also contained As levels within the global normal range (0.08 
– 0.20 mg/kg d.w.) while rice bought from supermarket having much lower As content than 
the normal values. Like As, the concentration of Fe in the locally grown rice decreased 
following the polishing of the whole grains. This pattern was not seen for Mn and other trace 
elements. Overall, there were differences in the elemental levels between the locally 
produced and commercial rice. As such, it is not possible at this time to provide an 
explanation of these differences since very litte information was provided on the packaging 
of the rice samples bought at local markets or supermarkets.   
The present study has also evaluated the impact of using As-contaminated groundwaters for 
food production (washing and cooking of rice) and the possible effect such practices will 
have on the daily dietary intake of As and other trace elements.  It was shown that the effects 
of washing the rice with groundwater, in terms of the uptake of arsenic by the grains, was 
much lower than the increase observed during cooking. Moreover, the effect of elemental 
uptake during food preparation varied widely depending on the variety of the rice consumed. 
As such, the increased levels of arsenic were found for the locally grown varieties of rice 
(variety 1: 0.80 mg/kg As d.w.; variety 2: 0.35 mg/kg As d.w.) rather than for the commercial 
types. Although the concentrations of other elements, including Fe and Mn, in the raw rice 
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were generally lower following the washing and cooking of rice, such observations were the 
opposite found for Fe and some of the rice varieties. This was due to the high levels of Fe in 
the groundwaters that were used for rice preparation. In the case of tap water (having low 
levels of all the other elements), all rice varieties showed had lower elemental levels 
following rice washing and cooking. Therefore, the used of tap water and groundwater, 
especially for rice cooking, may affect the elemental daily dietary intake for the local 
residents in this study area since they consumed about 500 – 750 g of rice per day. 
An estimation of the daily arsenic intake by residents of this this region of West Bengal, 
based on the consumption of water and cooked rice, was 2.9 to 6.4 and 1.7 to 4 times greater 
than the WHO recommended tolerable inorganic arsenic daily intake for adults and children, 
respectively. The results also showed that rice cooking with As-contaminated water can 
contributed significantly to the total consumption of arsenic (from 23% to 68% of the total 
arsenic intake). However, the percentage contribution of total inorganic As from rice is even 
more higher (> 90 %) when the consumed cooked rice was prepared using As-contaminated 
water. This estimation does not include the As contribution from drinking water. In contrast, 
only the consumption of rice variety 1 exceeded the WHO tolerable daily As intake level 
when tap water was used for both drinking water and in the cooking of rice. As such, children 
have the higher potential of being exposed to an increased incidence of lung cancer when the 
local groundwater was used for both drinking and the cooking of rice (BMD0.5: 10.7 – 25 
µg/day/kg body weight iAs). Apart from that, adults that use the local groundwater for 
drinking and the cooking of both rice varities, are also at risk of associated health problems as 
their calculated BMD0.5 was greater than 3 iAs µg/day/kg body weight. On the other hand, the 
total daily intake of Fe from drinking water and cooked rice is much higher when using local 
groundwaters rather  than tap water. A similar pattern was found for Mn and the daily intake 
level for children. Furthermore, the intake of V, Cu, Zn and Mo for both drinking water and 
cooked rice were found to not exceed the tolerable daily intake for these elements (IOM, 
2000). Therefore, this has highlighted the importance of assessing the method of preparing 
and cooking rice in order to be able to provide a realistic estimation of the arsenic (total and 
inorganic), and other elemental, dietary intake by inhabitants in such As-contaminated areas 
of the World. 
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 Overview  7.0
The primary aim of this research was to establish whether there is any relationship between 
the arsenic, molybdenum, vanadium and other trace element levels of non-contaminated 
(control) and As-rich groundwaters and, soils and plants collected from Argentina (Río Negro 
/ Río Colorado, south-eastern and central-northern of La Pampa and southern Buenos Aires) 
and India (Chakdaha, West Bengal) (refer to Chapter 4 for Argentina and Chapter 6 for 
India). This evaluation will hopefully give an insight into the transfer of these elements 
within the water-soil-plant system (especially due to agricultural practices – refer to section 
1.1.5) and the potential impact on the food chain for animals (through the watering of 
livestock and pasture grazing) and human consumption (crop production). Furthermore, the 
effect of using such waters in food preparation (either the washing and/or cooking of local 
foodstuffs – refer to Chapter 5 for Argentina and Chapter 6 for India) will enable an 
evaluation of the elemental daily dietary intake by local inhabitants in these two As-endemic 
countries (Argentina and India). Since all water types are potentially to be used as a drinking 
water source, the health risk for the resident population in the Argentine study regions may be 
assessed by comparing the individual daily intake of As (or other elements) in water to the 
oral dose reference (RfD) value set by USEPA (1998), known as the hazard quotient (HQ, 
equation 3.1). 
In order to determine the levels of these key trace elements in all sample matrices (waters, 
plants, soils, foodstuffs - including rice, potatoes, onions, and carrots) it was necessary to 
develop and validate various analytical methodologies (according to the analytical sequence – 
refer to Figure 2.1). Moreover, whilst the levels of arsenic (total and speciation) are of 
importance in this research (following on from previous studies undertaken in the ICP-MS 
Facility, University of Surrey on other regions of Argentina) this research will focus on the 
importance of molybdenum levels in all sample types. This trace element has been measured 
in some water samples from Argentina (O‘Reilly et al., 2010; Watts et al., 2010; Al Rawahi, 
2016) but no extensive investigation has been made of the possible relationship between Mo, 
As, V and other trace elements in waters, plants, and soils in Argentina. Moreover, this study 
will examine new regions of La Pampa (south-east) and southern Buenos Aires, which have 
not been the focus of any previous studies on molybdenum and the other key trace elements. 
This is one of the main objectives of this thesis. 
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The first stage of the analytical sequence undertaken in this research involved the selection of 
two study regions that would enable the overall aim to be studied. Previous investigations on 
determining the levels of arsenic and other trace elements in the surface and groundwaters of 
Argentina (Smedley et al., 2002; Smedley et al., 2005; O‘Reilly, 2010; Farnfield, 2012; Lord, 
2014; Al Rawahi, 2016) have shown that the province of La Pampa (northern and central 
regions) is worthy of further study. In particular, the groundwaters of rural farms near 
Eduardo Castex have been found to contain As and other associated trace elements (eg: V 
and Mo) as it is lies within the Chaco-Pampean plain that is linked to the Quarternary loess-
type sediments and ash layers of historical volcanic activity (Smedley et al., 2002). A 
reassessment of the farm wells from the community of Eduardo Castex was deemed to be 
important, especially in terms of measuring the levels of Mo in such groundwaters. 
Interestingly, previous studies have reported arsenic levels well above the World Health 
Organisation (WHO) guideline for drinking water of 10 µg/l AsT (WHO, 2011a), namely, < 4 
- 5300 µg/l AsT (Smedley et al., 2002), 33.0 - 1128 µg/l AsT (O‘Reilly et al., 2010); 24.9 - 
946 µg/l AsT (Farnfield, 2012); 54.18 – 1174.86 µg/l AsT (Al Rawahi, 2016). It was hoped 
that further analysis of these well waters in Eduardo Castex would provide data for 
investigating the possible relationship between Mo and As and the other trace elements, not 
only in groundwaters but also for the first time, the impact on agricultural plants and soils 
(refer to sections 3.3 and 4.3 - 4.4). Furthermore, it was decided that a novel study should be 
undertaken using some of these well waters for the washing and cooking of locally produced 
foodstuffs (potatoes, carrots and onions) (section 5.1.4). Although rice is not produced in this 
part of Argentina (only in the northern provinces of Corrientes and Misiones), locally bought 
rice is used in some rural residences as a staple food. It was therefore decided to include this 
foodstuff as part of the washing and cooking study (Chapter 5).  
Furthermore, verbal communication with the residents of this region of La Pampa reported 
that the south-eastern region of the province may also have naturally high arsenic levels in 
groundwaters. Such well waters are used for the watering of livestock and via irrigation may 
have an impact on pasture quality used for the grazing of animals (refer to section 3.2). This 
region has also been connected to a pipeline that transfers surface water from the Río 
Colorado (in the south of the province) because of urban health problems associated with 
high fluoride and possible arsenic levels of the local urban well waters (used for residential 
drinking supplies). It was therefore deemed important to include this new region, by sampling 
along a series of transects (Ruta 35 and a cross section of Rutas 35 and 154) between the 
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towns of Bernasconi, General San Martín and San Germán - in the south of Buenos Aires 
province (see Figure 2.2). The samples were collected either from farms or directly from 
households of the three towns (full details are reported in sections 3.2 and 3.4 (waters) and 
section 4.1 (plants and soils)). 
Previous studies undertaken in the ICP-MS Facility, University of Surrey, involved the 
collection of surface and groundwaters from the Río Negro province (in northern Patagonia). 
This region (especially the Río Negro and Río Colorado rivers) has been reported to have low 
natural arsenic levels in the water systems, typically < 10 µg/l AsT (O‘Reilly et al., 2010; 
Farnfield, 2012; Lord, 2014; Ward et al., 2014; Al-Rawahi, 2016). It was therefore 
considered to be a suitable area to determine the levels of Mo and the other trace elements in 
all media so as to provide comparative data with the other sites in La Pampa/Buenos Aires 
provinces. The sample locations are reported in section 3.1 (waters) and 4.1 (plants and soils). 
During the Argentina study (2014 - 2016) a further research opportunity became available 
through a collaboration with the Indian Institute of Science Education and Research- Kolkata. 
It was felt that this would be an ideal situation to explore the difference between the levels of 
As and the other trace elements in waters, plants, soils and foodstuffs (rice) from the naturally 
high As regions of Argentina and those of an As-endemic region in Asia. The Chakdaha 
block of Nadia district of West Bengal, India was confirmed by a previous study (Shrivastava 
et al., 2011) to be an As-affected area due to the As levels in the groundwaters being above 
the US Food and Agricultural Organisation (FAO) permissible limit for irrigation water 
(Bhattacharya et al., 2009; Shrivastava et al., 2011). Moreover, this region is primarily used 
for agricultural purposes, with the local groundwaters being used for the irrigation of 
traditional continuously flooded rice paddies. It was also decided to determine not only the 
total trace element levels in these waters, but to use for the first time in a study in India, the 
field-based solid phase extraction cartridge (SPE) methodology developed by Watts et al. 
(2010) (Chapter 6). A further feature of including an evaluation of the transfer of trace 
elements from local groundwaters to rice (following washing and cooking) was to not only 
provide data on arsenic (which has been studied by many researchers –Appendix A5) but also 
on Fe, Mn, Mo, V, Zn and Cu (which have not been reported in most Indian As-affected area 
studies). Finally, the Indian study provided a unique opportunity to compare the uptake of 
arsenic (and other trace elements) by rice grains using waters in these As-affected areas of 
India and Argentina, even though the cooking methods used in both countries are different 
(section 2.3 for the methods, and the data in sections 5.5 (Argentina) and 6.5 – 6.6 (India)). 
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 Analytical analysis of samples  7.1
As reviewed in Chapter 2 Figure 2.1, the analytical sequence involves establishing the sample 
preparation steps, especially the digestion of plants, soils and foodstuffs (Chapter 2, sections 
2.3 and 2.4). As a result of the non-availability of a microwave digestion method, it was 
decided to use dry digestion (involving a muffle furnace) for all plant and foodstuffs with 
subsequent acid dissolution of the homogenised ash and filtration (0.45 µm) before elemental 
instrumental analysis (section 2.3.5). An acid digestion method using open vessels on a hot 
plate was adopted for the dissolution of the homogenised soil samples (Chapter 2, sections 
2.4.3). These sample preparation procedures were validated after the optimisation and 
calibration of the instrumental methods (sections 2.5.2 – ICP-MS) used for the determination 
of the trace elements of interest in this study. 
The performance of inductively coupled plasma mass spectrometer (Agilent 7700x) was 
ensured throughout the study by optimisation using a 1 g/l tune solution containing Li, Mg, 
Y, Ce, Ti and Co prior to running any samples for trace element analysis. For the 
determination of total arsenic levels, a 3
rd
 generation Octopole Reaction System (ORS
3
) 
collision cell was used with helium addition to correct for the polyatomic signal of 
40
Ar
35
Cl
+
 
on the isotope 
75
As
+
 (section 2.5.2.2). A calibration curve was obtained using a series of 
multi-element standard solutions (0 to 750 µg/l for waters/digested plants and 0 to 5000 µg/l 
for digested soils) and the instrumental operating conditions were validated using certified 
water reference materials or CRMs (sections 2.5.2.3 and 2.5.4.1). Table 2.5 shows that for 
NIST SRM 1640a Trace elements in natural water, the total arsenic and molybdenum levels 
are in very good agreement with the certified values, namely, measured: 7.96 ± 0.11 AsT µg/l 
(certified 8.075 ± 0.070 AsT µg/l) and measured: 45.79 ± 0.84 Mo µg/l (certified 45.60 ± 0.61 
Mo µg/l). Similar data was obtained for CRM TMDA 54.5 Trace elements in water (Table 
2.5). Furthermore, these two water CRMs (NIST SRM 1640a and CRM TMDA 54.5) gave 
precision levels for all elements (reported here as the isotopes used: 
75
As, 
51
V, 
52
Mn, 
54
Fe, 
63
Cu, 
66
Zn, 
95
Mo and 
238
U) of < 2.1 % relative standard deviation or RSD (repeatability) and 
< 5 % RSD (reproducibility) (see Table 2.5). In addition, good levels of accuracy were 
confirmed for the analysis of waters using a paired t-test (Miller & Miller, 2010) where no 
significant difference was observed between the calculated and the certified values for the 
respective trace elements (as reported in section 2.5.4.1). For NIST SRM 1640a, the tcalc. was 
2.155 with the tcrit. values for 7 degrees of freedom (df) ; 2.37 and for TMDA 54.5 the tcalc. 
was 0.796 with the tcrit. values for 6 degrees of freedom; 2.45 at p < 0.05. The tcalc. values for 
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both CRMs are less than tcrit.values, thus no significant difference exists between the two 
mean values at a probability level of p < 0.05. Validation was also undertaken using plant and 
foodstuff CRMs as reported in Table 2.6 (plants), Table 2.7 (rice). A paired t-test (Miller & 
Miller, 2010) for Polish Tobacco INCT-PVTL-6 resulted in tcalc. values less than the tcrit. 
value of 2.57 (5 degrees of freedom) for the probability level p < 0.05 where the actual values 
is tcalc.= 1.08. Similarly, NIST SRM Peach 1547 also has the tcalc. values of 1.37 that lower 
than the tcrit. value of 2.45 (6 degrees of freedom). The tcalc. of 0.98 against a tcrit. value of 2.57 
for 5 degrees of freedom have showed no significant different at p < 0.05. The precision 
levels obtained for the replicate analysis of digested plant CRMs (Polish Tobacco INCT-
PVTL-6 and NIST SRM Peach 1547), foodstuff (rice GBW 10043) and soil (Trace Metals - 
Sandy Loam 3 and NCS DC 73034) were < 10 % RSD (details in Tables 2.6 – 2.8), which is 
acceptable in terms of using these acid digestion procedures for the sample preparations. 
Therefore, in summary, good levels of accuracy for the plant, foodstuff and soil digestions 
were statistically confirmed using a paired t-test between the calculated and certified values 
(refer to sections 2.5.4.2 and 2.5.4.3). On the other hand, a spiked recovery test using pooled 
samples provided good results of 87 to 119 % recovery for plants and rice samples.  
An additional feature of this research was the need to develop and validate a method for the 
direct determination of Mo in waters using graphite furnace atomic absorption spectrometry 
(GFAAS) (refer to section 2.6). This was successfully achieved using a palladium nitrate 
matrix modifier (section 2.6.2.3) resulting in a detection limit of 0.20 µg/l Mo (based on 
equation 2.2). A study was undertaken to compare the results obtained between this 
developed GFAAS method and inductively coupled plasma mass spectrometry (ICP-MS), 
with a calculated detection limit of 0.09 µg/l Mo. This intra-laboratory comparison was 
carried out for Argentine groundwaters as the molybdenum concentrations were found to be 
higher than that typically reported for Mo in water of 10 g/l Mo (section 2.6 in the Chapter 
2). The validation was undertaken using a water CRM (NIST SRM 1640a) and showed very 
good levels of precision (n = 12) in terms of repeatability and reproducibility, namely, 1.14 % 
RSD and 1.42 % RSD, respectively. In term of accuracy, the calculated mean values for 
NIST SRM 1640a for the two techniques were: 46.43 ± 0.66 (GFAAS) and 45.79 ± 0.84
 
(ICP-MS). Both values were found to be close to the certified value of 45.60 ± 0.61. A 
further analysis was undertaken using 15 water samples from the La Pampa province and a 
paired t-test between data for the GFAAS and ICP-MS methods showed no statistically 
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significant difference between the two mean values (i.e. the null hypothesis was retained). 
The data is presented in Table 2.10. 
Therefore, in summary, Chapter 2 (sections 2.5 and 2.6) provides all the data and 
interpretation for the optimisation, calibration and validation of the ICP-MS and GFAAS 
instruments used in this research. As such the acquired data offer a high level of confidence 
in confirming that the sample preparation procedures and instrumental analysis of the 
prepared samples produces good results for the multi-element analysis of all sample types 
collected from the study areas in Argentina and India. 
The following sections will summarise the findings of this research based on the Chapter 3, 
Chapter 4, Chapter 5 and Chapter 6. Finally, the potential future work is details in the section 
7.4. 
 Relationship between water-soil-plant elemental levels in Argentina 7.2
and India 
 Arsenic (total and species) 7.2.1
The groundwaters of La Pampa and southern Buenos Aires were confirmed to contain higher 
total arsenic concentrations than the Río Negro control samples (which were typically within 
the World Health Organisation guideline limit for drinking water of 10 µg/l AsT). Overall, the 
majority of groundwater samples (rural and urban) had levels > 50 µg/l AsT. In the new study 
region of the La Pampa province (south-east) the groundwaters were found to be; (i) along 
Ruta 154: range of 0.61 to 69.86 µg/l AsT; (ii) near the community of Bernasconi: 22.51 – 
140.99 µg/l AsT; and (iii) General San Martín: 18.30 – 319.39 µg/l AsT. Although these 
values are lower than those found in this study near Eduardo Castex (48.82 to 1688.63 µg/l 
AsT) and reported by others for central La Pampa groundwaters (refer to sections 3.3.3 and 
7.0), it is of interest that 41% of the sampled farm wells near Bernasconi and 67 % near 
General San Martín can be considered not fit for crop irrigation (with the FAO limit being 
100 µg/l AsT) (FAO, 1994). Moreover, based on the guidelines from the FAO for the 
watering of livestock (FAO, 1994) some of the well waters near General San Martín may be 
toxic for animal consumption (details in section 3.2.3). As such, data from local farms on the 
health of animals (cattle and horses) in these farms were not available.  
Similarly, the total arsenic levels in the groundwaters of San Germán (in southern Buenos 
Aires province) were comparable with those for Bernasconi and General San Martín. Overall, 
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for San Germán the values ranged between 39.60 and 189.40 µg/l AsT, with 57% of the 
samples surpassing the FAO limit for irrigation water (see section 3.4.3).  
A unique feature of this research was the application of the As field-based speciation method 
(Watts et al., 2010) for groundwaters of these new sampling areas of La Pampa and Buenos 
Aires, provinces. The distribution of As species were significantly different between the 
sampling regions, where arsenate (iAs
V
)
 
was the predominant species in groundwater for 
samples collected from the control site (Río Negro), Bernasconi (SE-LP) and southern 
Buenos Aires. In contrast, arsenite (iAs
III
)
 
was found to be the dominant form in 
groundwaters of General San Martín (SE-LP) and Eduardo Castex (CN-LP). This suggests 
that the complexity of the groundwater As chemistry and the presence of other matrix 
components (confirmed by the relationship between As and the total dissolved solids and 
conductivity levels, see Table 3.9) may have influenced the distribution of the arsenic species 
across the various sampling regions. Although not included in this study, the region of south-
east La Pampa is known for salt mining, which may explain the high levels of TDS and 
conductivity found in some farm well waters (especially near General San Martín). In 
addition, it must also be noted that the high levels of anions (fluoride, chloride, bromide, 
sulphate, nitrate and phosphate) have influenced the ion-exchange efficiency of the SPE 
cartridges (refer to the Appendix C6 for detail). 
An important question may be asked about what would be the potential health risk of 
consuming these waters in Argentina. Since all water types evaluated above are potentially to 
be used as drinking water, the health risk for the resident population in the study regions was 
calculated using the hazard quotient (HQ, equation 3.1 in section 3.5.3 of Chapter 3). 
Significantly high hazard quotient values (HQ > 1) were found for residents in the La Pampa 
province especially for Eduardo Castex (with the average HQ values up to 75, Table 3.10) 
compared to the residents in the control sites (HQ: 0.10 – 3.68). The daily intake of drinking 
water from this As-contaminated areas were also higher than the WHO provisional tolerable 
intake value of 2.1 μg/day/kg. This indicates that the inhabitants from La Pampa may 
potentially be at risk of arsenic-associated diseases. However, if the residents in this region 
consumed the treated reverse osmosis water (as investigated in Santa Rosa, La Pampa – refer 
to Appendix C7), the impact of As on human health could be reduced as the water treatment 
have been successful in removing these trace elements to safe levels. Nevertheless, the access 
to the treated water may be limited to only the urban residents. 
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The effect of arsenic in these groundwaters on the plants or pastures species (refer to section 
4.2.1) and surface soils (section 4.3.2) collected from all study areas was further evaluated 
using the Spearman correlation test (following the details reported in section 4.4 of Chapter 
4). The arsenic concentrations in the groundwaters were found to be statistically correlated (r 
> 0.5) with the corresponding soils (total and exchangeable fraction) and plants (leaves and 
roots) at a probability level of p < 0.01 (refer to Figure 4.20). Based on the sequential 
extraction method for soils (section 2.4.4) the uptake of arsenic from the soil exchangeable 
fraction (bioavailable form) by plants was also found to be statistically correlated (calculated 
correlation coefficients of r = 0.5 and r = 0.7 for the leaves and roots, respectively, at a 
probability level p < 0.01). These significant positive correlations confirm the possible 
transference of arsenic within the water-soil-plant system for these sampling regions of 
Argentina. As such, this data suggests that the quality of the pastures (in relation to arsenic) 
within this new study region of the La Pampa province is directly influenced by the arsenic 
levels of the farm well waters. Since this region is predominantly agricultural land there is an 
urgent need to evaluate the link between food crops and animal health since the groundwaters 
are widely used for the watering of livestock and via pasture consumption by grazing animals 
(especially cattle). Interestingly, a couple of reported studies have investigated the arsenic 
levels of pastures and cow‘s milk in other provinces of Argentina, which are within the 
Chaco-Pampean plain (Sigrist et al., 2010; Pérez-Carrera et al., 2016). 
It is believed that if crop cultivation, especially the production of root or tuber vegetables 
(e.g; carrots or potatoes), is undertaken in the regions of this study, there may also be a 
significant transfer of the total arsenic (and other trace elements) from the local groundwaters 
to the vegetables. Some previous studies have evaluated this, but in relation to post-mining 
activities (Norton et al., 2013), or across other countries of Latin America (Bundschuh et al., 
2012). In addition, significant correlations have been found in this study between arsenic and 
the other key elements in the groundwaters of La Pampa, namely Mo, V, and U (see Table 
3.9). This implies that all of these elements originate from a similar source as that for arsenic, 
where the enrichment of As in the groundwater was derived from the intermixing of geogenic 
(Quartenary deposit loess sediment) and the weathering of volcanic products (mainly 
rhyolitic volcanic ash), which were mobilised at alkaline pH levels under the semi-arid 
conditions associated with oxidising groundwaters (Smedley et al., 2002; Nicolli et al., 2012). 
Moreover, there could be the same distribution and uptake by soils and plants (pasture and 
Chapter 7: Conclusion and Future Work 
278 
 
possible food crops) of these sampling regions. At present, no data have been reported 
outside of Argentina on the association of these elements in soils and plants. 
Similarly, the impact of using As-contaminated irrigation waters for crop cultivation was 
further confirmed from the results obtained for the Indian study on rice (Chapter 6). 
Unfortunately, it was not possible to undertake a major evaluation of the transfer of arsenic 
from water to soils to rice due to the small number of samples (n= 3 for control, and n=4 for 
contaminated) in this study (see Tables 6.1, 6.3 and 6.4). A higher accumulation of total 
arsenic was observed in soils and rice plants (roots, shoots, grains) for paddies that were 
irrigated using As-contaminated groundwater (93.96 ± 36.83 µg/l AsT) compared to the 
control plots (irrigated by pond water, < 10 µg/l AsT). Since rice is categorised as a 
submerged plant, irrigation using As-contaminated groundwater seems to have a significant 
influence on the transfer of As to the rice plants, especially resulting in uptake by the roots 
(Table 6.4). Although the total arsenic levels of these rice paddy groundwaters were low, 
when compared with the samples from Argentina, the locally produced rice grains 
(unprocessed) were found to have > 1 mg/kg As (dry weight basis). These As levels exceed 
the permissible guideline values recommended by the WHO for As in food (Barla et al., 
2017). This situation may potentially affect the human health of the local inhabitants in this 
Indian study area who have been reported to consume large amounts of cooked rice as their 
main staple food (Table 6.6). As such, the consumption of local rice varieties may increase 
the As-associated health problems of this region of India. This has been already pointed out 
by Signes et al. (2008c) who reported that the main arsenic species of ‗spiked‘ groundwaters 
used to prepare rice for human consumption, may influence the As speciation of the cooked 
rice. If this assumption was followed-up using the data of this research, the potential As 
species in the rice would be the arsenite (iAs
III
) form (which was found to be the predominant 
species in the waters used in the rice paddies) (section 6.2). In this study, the organic arsenic 
species (MA
V
 and DMA
V
) were also detectable and a combination of both species could be 
as high as 11.4 % of the AsT concentration of the rice paddy groundwaters. The use of the As 
field-based speciation methodology in this research provides for the first-time data reflecting 
the arsenic speciation of groundwaters used for rice preparation.  
Finally, although a few studies have attempted to measure and report the arsenic species 
found in rice including the cooked rice from West Bengal using various extraction techniques 
(dilute solution of nitric acid with hydrogen peroxide, trifluoroacetic acid (TFA), mixture of 
water and methanol or water only), this is still a very controversial subject in relation to the 
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evaluation of the arsenic species in rice (Williams et al., 2005; Raab et al., 2009; Alava et al., 
2012; Halder et al., 2014). Thus, the method of extraction used needs to be proven to not 
change the speciation or quantification of the speciation analysis. This is very important if the 
speciation data are to be used to assess the potential As toxicity in the rice (or any foodstuff) 
and the health impact linked with rice consumption. As such, the determination of the As 
species in cooked rice was not carried out in this present study due to various practical 
limitations of the in-situ experiments. In particular, there was not enough time to pass the 
cooking solutions through the SPE cartridges, the heat (near boiling temperature) and the 
presence of suspended solids (arising from starch release during cooking) resulted in blocked 
filters and the cartridges. Moreover, bacterial degradation can start as soon as the cooking 
process finishes. Therefore, the stability of the species in the cooked rice during transport 
from remote locations of La Pampa to the laboratory in UK could not be ensured.  
 Molybdenum 7.2.2
The concentration of molybdenum (Mo) in the uncontaminated (control) samples of the 
Argentine study was typically < 10 µg/l Mo. This is in good agreement with a published 
study of groundwater in the UK (Smedley et al., 2014). In contrast, the Mo levels were 
significantly higher for urban tap and groundwater samples from La Pampa (central-northern 
and south-eastern) and southern Buenos Aires. The groundwaters collected from Bernasconi, 
General San Martín and San Germán (southern Buenos Aires province) were between 10 and 
70 µg/l Mo, with a few farm wells in rural General San Martín being > 70 – 84 µg/l Mo. 
Surprisingly, a few farm wells south of Eduardo Castex (central-northern La Pampa) were > 
700 µg/l Mo, with one particular well used for cattle drinking water being as high as 1381.66 
µg/l Mo. An evaluation of the relationship between As and Mo (r = 0.795 at p < 0.01) and 
Mo and V (r = 0.776 at p < 0.01) in groundwaters revealed a strong statistically significant 
positive correlation (Table 3.9). These results support the suggestion that these elements may 
originate from a similar source linked to the dissolution of volcanic glass and the leaching 
processes of loess sediments at alkaline pH levels. Under these conditions, there is a 
preference to form the oxyanions of As, Mo and V within the Chaco-Pampean groundwater 
system, as previous reported by others (Nicolli et al., 2012; Smedley et al., 2002). In addition, 
a few groundwater samples from the central-northern region of La Pampa (Eduardo Castex) 
also have significant Hazard Quotient (HQ) values (> 1) for Mo. 
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The FAO guideline limits for water irrigation recommend that a value above 10 µg/l Mo may 
result in toxic effects on plants (FAO, 1994). This suggests that the application of 
groundwaters from La Pampa and southern Buenos Aires may potentially have an effect on 
the elemental levels and growth of the pasture. Moreover, this may lead to an accumulation 
of Mo in the surface layers of soils. Any possible relationship within the water-soil-plant 
system was assessed using a binary correlation calculation (Appendix B5). The results 
confirmed a Spearman correlation coefficient that was significant at p < 0.01 (refer to Figure 
2.10; section 4.4 for details). Like arsenic, the concentration of Mo in the groundwaters was 
significantly correlated with the total Mo in soils, the soil exchangeable Mo fraction and plant 
roots. However, no relationship was observed between the Mo in plant leaves and waters, as 
well as plants (both leaves and roots) with Mo available fraction (F1) in the soil (see section 
4.4 for details).  
In contrast, there appears to be no relationship between the molybdenum levels of 
groundwaters and soils or plants for samples collected in the Indian study. In part, this could 
be due to the much lower Mo levels in the waters and soils from the rice paddies of 
Chakdaha, West Bengal (refer to Tables 6.1 and 6.3). 
 Other trace elements 7.2.3
For the Argentine study, vanadium was also found to be at high levels in the groundwater 
samples. In general, vanadium followed the same trend of arsenic (Eduardo Castex > General 
San Martín > Bernasconi = San Germán > Río Negro/Río Colorado), and moreover the 
concentrations of V in the groundwaters was much greater than those for As (Chapter 3). The 
relationship between V and As in the groundwaters was confirmed through the calculation of 
a statistically significant positive correlation (Table 3.9). Apart from the volcanic ash, 
vanadium has also been reported to originate from similar mineral sources as that found for 
arsenic, namely, secondary Fe and Mn oxides, magnetite and ilmenite (Smedley et al., 2002; 
Nicolli et al., 2012). As the pH levels of the groundwaters increase, the environmental 
conditions will change and this in turn may release different oxyanion forms of vanadium, for 
example, (VO2(OH)
2-
 and VO3(OH)2
2-
). This suggestion was reported by
 
Al Rawahi and 
Ward (2017) for the groundwaters of La Pampa and Buenos Aires provinces. Moreover, this 
influence of pH and the production of different chemical forms will probably be linked with 
an increase in the vanadium levels of the groundwaters (Nicolli et al., 2012). The residents in 
La Pampa were also evaluated in terms of the hazard quotient for vanadium (with the HQ 
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value being up to 26.7) as the concentration of this element was found to be consistently 
higher than arsenic in the waters. For the rest of other trace elements, no significant HQ 
values were found in terms of drinking these groundwaters. 
Further correlation analysis of the V data confirmed that a significant positive correlation 
exists between the levels of V in the Argentine groundwaters and plants, groundwaters and 
soils (total and exchangeable fraction), and finally, plants and soils. Like As, the irrigation of 
pastures or crops using these groundwaters that contain high V levels resulted in increased V 
levels of plants and agricultural soils (Chapter 4).  
Interestingly, there were also statistically significant positive correlations between Zn and As, 
Mo and V in waters, although most of the groundwaters contained < 100 µg/l Zn. The 
average Zn levels of soils from Eduardo Castex (893.01 mg/kg Zn d.w.) may need further 
investigation as such Zn levels could potentially result in an ecological problem (at levels > 
250 mg/kg Zn dry weight; Ministry of the Environment Finland, 2007). In the case of Fe and 
Mn, there was a significant positive correlation between both elements in the groundwaters, 
but not with other key elements (Table 3.9).  
However, the concentrations of Mn (up to 251.5 µg/l) and Fe (up to 9 mg/l) were elevated in 
the groundwater of West Bengal, India. Thus, the continuous irrigation of paddy fields with 
groundwater containing high levels of Mn and Fe have significantly increased the 
concentration of these elements in the agricultural soils and contributed to the translocation of 
these elements from roots to shoots and finally into the rice grain.  
Therefore, this present study implies that both groundwaters of India and Argentina have 
different As associated key elements, which may control the mobility of As that released into 
the groundwaters.  
 Impact of using local groundwaters in food preparation (rice and 7.3
local vegetables) in Argentina and India 
The impact of using local groundwaters in food preparation, namely washing and cooking, of 
locally produced foodstuffs (refer to 2.3.1 for methodology) was investigated in Argentina 
and India. The above studies have clearly shown that many of the regions have high levels of 
arsenic, molybdenum and other trace elements (especially V, Fe, Mn, etc.) in groundwaters. 
The original hypothesis was if these waters were used to wash and cook local foodstuffs what 
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would be the effect on the elemental levels of the prepared foods and the impact on human 
dietary intake.  
 The effect of washing and cooking vegetables with selected groundwaters  7.3.1
In the study of Argentina, the elemental content of the raw vegetables (potatoes, carrots and 
onions) was in good agreement with published data by Ward (2000) (Appendix A4). A 
similar relationship was found for commercial raw rice data (Table 5.6). The use of local 
groundwaters from the various study regions in Argentina confirmed that the use of 
groundwater which contained high levels of As, Mo and V resulted in increased levels in the 
corresponding washed and cooked foodstuffs (sections 5.1 to 5.3). The rise in these elemental 
levels depended on the concentration in the original waters (tap or groundwaters) used for the 
food preparation, the type of foodstuffs and the length of food preparation (the time duration 
of washing and cooking). In the case of vegetables, As and V showed a similar trend of 
increasing levels in the foodstuffs following washing and cooking (>1000 % compared with 
the original raw vegetable levels). The washing of raw carrots and potatoes using water 
containing 2.44 µg/l As reduced the original As content by 4.8 % and 24 %, respectively. On 
the other hand, washing the onions (mean: 0.073 mg/kg d.w.) with the control tap water 
reduced the As content in the raw samples by 3.9 %, although it increased significantly, 281 
% (EC 1) and 858 % (EC 2), after washing using Euardo Castex (EC) rural well water 
(Figure 5.9). In the case washing water from the EC wells, the mean As concentration of 
washed vegetables followed the order; onions (0.28 – 0.70 mg/kg d.w.) > carrots (0.30 – 0.42 
mg/kg d.w.) > potatoes (0.11 – 0.13 mg/kg d.w.).  
In this present study, As reduction was found in cooked vegetables using control tap water; 
1.4 % in 5 minutes and 10 % after 10 minutes of cooking compared to the raw materials. 
However, the boiling of pre-washed vegetables using EC rural well water (588 – 1535 µg/l 
As) have significantly increased the As levels in cooked vegetables (Figure 5.9b and 5.9c); 
after 5 minutes of cooking, the ranges of As concentration in each of the vegetables (d.w.) 
were 0.91 – 0.95 mg/kg (onions), 1.12 -1.83 mg/kg (carrots) and 0.67 – 1.06 mg/kg 
(potatoes). When the vegetables were cooked for additional 5 minutes, the As concentration 
(d.w.) was further increased in carrots (1.38 – 1.60 mg/kg), onions (2.35 – 2.71 mg/kg) and 
potatoes (0.74-1.35 mg/kg).  
Furthermore, a greater change was observed for V due to the higher concentrations of this 
element in the groundwater (Figures 5.7 and 5.11). The onion samples showed a significant 
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absorption of vanadium (29% increase over the original content) during washing, even at 
very low concentrations in the water (control: 6.93 µg/l V). However, V levels in both carrots 
and potatoes were consistently reduced after being washed with tap water (Figure 5.11a). The 
washed vegetables (onion, carrots and potatoes) using water from Eduardo Castex (EC 1 and 
EC 2) displayed similar trends to As in terms of percentage increase and uptake of V, 
although the effects were higher in absolute values due to the greater levels of V in the EC 
water. In term of cooked vegetables, the concentrations of V (d.w.) in vegetables after 
cooking in EC 1 were 4.46 – 8.36 mg/kg (onion), 8.59 – 11.22 mg/kg (carrots) and 5.09 – 
6.58 mg/kg, whilst in EC 2 the concentrations were 11.03 mg/kg (onion), 20.16 – 24.31 
mg/kg (carrots) and 9.80 – 12.75 mg/kg (potatoes). The As and V uptake using these 
groundwaters for cooking followed the order: carrots > potatoes > onions at the maximum 
cooking time (10 minutes). As such, the uptake of both elements was generally greater in the 
cooked vegetables rather than the washed vegetables, due to the heating process and possible 
absorption by the material during cooking. 
The preparation of vegetables using groundwaters with high concentrations of molybdenum 
(Figure 5.9) resulted in a similar pattern of uptake to that observed for As and V. The 
concentrations were remarkably increased to 2 - 111% (EC1) and 22 - 600% (EC 2) after all 
vegetables were washed with well water containing 57. 4 µg/l Mo (EC 1) and 799.8 µg/l (EC 
2) (Figure 5.10b and 5.10c). In the case of cooking using Eduardo Castex well water, the 
retention of Mo (percentage increase) following the order; onion (0.38 – 2.35 mg/kg d.w.) > 
carrots (0.58 – 3.96 mg/kg d.w.) > potatoes (0.38 – 1.55 mg/kg d.w.).  
Interestingly, the washing and cooking of vegetables using control tap water (General Roca) 
that contains low levels of As, V and Mo leads to reduced elemental levels in the raw 
vegetables (Figures 5.9 to 5.11). Similarly, Mn, Fe, Cu and Zn levels in the vegetables were 
leached out after the washing and cooking stages using any type of water (ground or tap 
water). This may be due to the low levels of these elements in the waters (Figures 5.12 and 
5.13).  
 The effect of washing and cooking rice with selected groundwaters  7.3.2
The preparation of rice (purchased from local supermarkets in Argentina) using both tap and 
groundwaters resulted in similar trends to that obtained for the washing and cooking of 
vegetables. The rice studies using traditional and modern methods have confirmed that the 
presence of high levels of As, Mo and V in groundwaters leads to higher elemental levels in 
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the washed and cooked rice (sections 5.3 and 5.4). These two methods are different in terms 
of the proportion of water to rice used for washing and cooking (refer to sections 2.3.2 and 
2.3.3). Two methods of washing the rice were studied in combination with the traditional 
cooking technique (involving a 2.5:1 water to rice ratio), namely, (i) changing the water after 
an initial washing of the rice (after 5 minutes), and (ii) using the same water for 10 minutes. 
The first method resulted in slightly higher elemental levels for the washed rice (Table 5.11). 
The resultant effect on the washing water depends on the initial As level, namely, for the 
control waters (General Roca) the As levels slightly increased (from possible release of the 
element from the raw rice). However, for the high As-groundwaters (General San Martín and 
Eduardo Castex) the As levels in the washing water decreased (Table 5.10).  
Similar trends also occurred for V and Mo (in this case for the Eduardo Castex, EC 1 sample 
only). The washing of raw rice using both types of waters containing low levels of Mo, Mn, 
Fe, Cu and Zn resulted in an increase in the elemental levels of the washing waters. This may 
be due to these elements being removed from the raw rice (Table 5.1) and transferred to the 
washing water (Table 5.10). In the case of using the modern method (1.2:1 water to rice 
ratio), the washing of the raw rice involved 3 steps with 2-minute washing intervals. The 
change in the elemental levels of the washing water followed the results obtained for the first 
washing method using the traditional method. The As levels of the washing waters were 
similar after the three washing steps, especially when using the highly As-contaminated 
groundwater (Table 5.13). This implies that the rice still possesses the potential to uptake 
more As from the washing water. However, there was a slight reduction in the As levels of 
the washing water (post rice preparation) using water containing 28 g/l As (tap water from a 
residence of General San Martín, La Pampa). In terms of the arsenic and other trace element 
(Mn, Fe, Cu and Zn) levels in the washed rice (using water with low elemental levels), the 
percentage of As removal following washing was in agreement with the results reported in 
the previous study (as discussed in section 5.3.3.3).  
An evaluation of the two different cooking methods was undertaken. The traditional cooking 
method used a 6:1 water to rice ratio and the rice was boiled for 5 and 10 minutes (section 
2.3.3.2). Alternatively, a modern cooking method was studied using a 2:1 water to rice ratio 
and the rice was cooked for 15 minutes (electrical rice cooker or also known as a Chinese 
cooker) (refer to section 2.3.3.1). Both methods confirmed that the use of groundwater 
containing high levels of arsenic (and the other elements) resulted in higher As levels in the 
cooked rice (Table 5.15), with the duration time having a direct influence on the magnitude 
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of this increase in As levels (Table 5.12). A possible reason for this observation is the 
incorporation of large amounts of water to the rice grains during the cooking process (for 
both methods). It has been reported that starch-rich foods (> 80 %), especially cereal grains, 
are known to absorb large quantities of water due to the gelatinisation of starch in the boiling 
process (Díaz et al., 2004). Moreover, if the rice was pre-washed, the final As levels of the 
cooked rice were found to be higher, reflecting a contribution from the washing water (Table 
5.12). A comparison of the two cooking methods using pre-washed rice and chemically 
similar groundwaters (Table 5.12) produced results that showed more As (V and Mo) was 
retained in the cooked rice using the traditional method. This was possibly due to the 
different washing methods and the water to rice ratio used for washing and cooking stages. 
However, when the data was compared for the two cooking methods using unwashed rice, the 
results agreed with that reported in other studies (Sengupta et al., 2006; Signes et al., 2008b). 
In this research, the levels of As, V and Mo in the cooked rice were greater using the modern 
cooking method. It is suggested that this is due to the incorporation of the cooking water into 
the rice grains during the cooking process (no water was drained and discarded, as is carried 
out in the traditional method). In addition, lower levels of Mn, Fe, Cu and Zn were measured 
in the cooked rice following the use of both cooking methods. 
Furthermore, the study for washed and cooked rice in India, which involved using the local 
groundwaters, also revealed a similar trend to that for arsenic as reported for the Argentine 
study. However, the percentage increase of As in the cooked rice compared with the original 
raw rice was much lower (over the range of 90 – 230 % for the different varieties of rice). 
The maximum concentration for the cooked rice was 0.80 mg/kg As d.w. (compared with the 
locally grown raw rice level of 0.24 mg/kg As d.w.). As such, in comparing the two studies 
the Argentine cooked rice levels were up to 3543% higher than the locally purchased raw rice 
As levels. The highest Argentine cooked rice value using the Eduardo Castex groundwater 
was 2.04 mg/kg As d.w. (based on using the traditional cooking method) (refer to Table 
5.12). The main reason behind the difference in the As levels of the cooked rice for the two 
studies is due to the concentration of As in Indian groundwaters (93.96 ± 36.83 µg/l AsT) 
being significantly lower than the values found in Argentine groundwaters (Table 5.10). In 
addition, although both studies involved the traditional cooking method, the water to rice 
ratio for washing and cooking stages was slightly different due to the local practices used in 
food preparation (refer to sections 2.3.2.2 and 2.3.3.2). Overall, the effect of elemental uptake 
during food preparation (washing and cooking) varied widely depending on the variety of 
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rice consumed. As such, increased levels of arsenic were observed in the locally grown 
varieties of rice (especially for rice variety 1 that was produced using local groundwater for 
irrigation purposes) rather than for the commercial types (Table 6.5). However, the effects of 
washing the rice with groundwater in terms of the uptake of arsenic by the grains was much 
lower than the increase observed during cooking (Table 6.5).  
In relation to the other trace elements data obtained for the Indian study, the locally grown 
rice varieties had higher Fe levels than the raw rice following washing and cooking using the 
local groundwater. Interestingly, for this locally produced rice the uptake of iron was greater 
during the washing compared with the cooking stages. Overall, this trend for Fe was not 
observed for the other rice varieties purchased in India (Table 6.5). There is variance in the 
effect of washing and cooking the rice in terms of the final Fe concentration of the cooked 
rice. In contrast, the levels of Mn for all the rice varieties (locally grown and purchased) 
showed a reduction following the washing and cooking of the rice. This finding is also 
difficult to explain since the Mn levels of the raw rice decreased during food preparation, 
even though the groundwater used had 216 µg/l Mn (Table 6.5). In the case of using tap 
water for food preparation, the low levels of Fe and Mn resulted in no increase in the 
elemental levels following the washing and cooking of the rice. The highest reduction 
occurred during the cooking process. A similar effect was noted for Mo and V, Cu and Zn, 
with the cooked rice elemental levels being lower than the raw rice (using any type of water). 
This clearly confirms that if the local water being used in food preparation has ‗normal‘ 
elemental levels, there appears to be no significant increase in the cooked rice levels, post 
washing or cooking. In fact, there appears to be a slight reduction, or leaching of these 
elements from the raw rice. 
 Impact of trace element intake following food preparation on 7.4
human daily dietary intake 
This study involving the use of local Argentine and Indian groundwaters in food preparation 
(washing and cooking) has clearly shown an impact on the total elemental composition of the 
foodstuffs, namely, rice and vegetables (refer to section 7.2, above). As such, using the 
elemental values of the cooked foodstuffs will give a more realistic estimation of the daily 
dietary intake of these elements (As, Mo, V, Mn, Fe, Cu and Zn) by inhabitants living in 
these study areas. Although raised levels of As were found in the cooked vegetable and rice 
samples of the Argentine study, the major contributor to inorganic arsenic (iAs) intake was 
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from drinking water (refer to sections 5.1.5, 5.3.2.3 and 5.5.2). This was due to the low rate 
of consumption of these foodstuffs in the daily diet of the local inhabitants, especially for rice 
(38.8 g/day). However, when both the As levels for the drinking water and foodstuffs were 
combined, the daily intake of total iAs was up to 12 times higher (covering the waters 
obtained from different regions of Argentina) than the reference value of 3 µg/day/kg body 
weight iAs by WHO/FAO (JECFA, 2010). 
Moreover, some of the communities of La Pampa (especially in Eduardo Castex) may also 
develop health problems associated with a high daily dietary intake of vanadium (from 2.3 to 
4.9 mg/day) and molybdenum (2.67 mg/day). This study has shown that the intake levels of 
these two elements through the ingestion of rice prepared using local ‗contaminated‘ water 
cannot be considered to be negligible when compared with the amounts ingested from 
drinking water. It must be pointed out that the effect of vanadium on human health is still 
unclear as the intake levels of vanadium via drinking water and food are rarely reported 
(Antoine et al., 2012; Crebelli & Leopardi, 2012), and require further investigation. 
Meanwhile, the daily dietary intake of the other elements may be considered to be of no 
significance since the measured levels were low in the water and foodstuff samples 
(including post washing and cooking). 
In contrast, an estimation of the daily dietary intake of arsenic in Chakdaha, West Bengal 
showed that adults and children who consume the locally grown cooked rice (prepared using 
the As-contaminated groundwater) are potentially at risk of arsenic-related health problems  
(> 3 µg/day/kg body weight iAs), regardless of the water type used for drinking water. In 
terms of the total daily dietary intake of arsenic (from drinking water and foods), the 
consumption of cooked rice may contribute to 23% - 68% of the total arsenic intake. This is 
due to the higher daily intake of cooked rice (based on the daily consumption of 500 -750g) 
in this Indian communities. It has been proposed that if the inhabitants in these As-endemic 
areas of India were not to consume the local As-contaminated groundwaters (i.e. drink treated 
tap water), their daily intake of As would be addressed. However, the rice cooked using the 
As-contaminated groundwater contributes to > 90 % of the total dietary inorganic As intake. 
So this study clearly shows that food preparation (washing and cooking) has a significant 
impact on the daily intake of arsenic in these countries.  
In relation to the inhabitants of the Indian study, the children have a higher potential of being 
exposed to arsenic health problems compared to adults, especially when the groundwater was 
consumed as the drinking water and used in the preparation of cooked rice (Table 6.6). As 
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such, the daily dietary intake for total iAs from drinking water and foods was 3 to 8 times 
greater than the reference value of 3 µg/day/kg body weight iAs when using the local 
groundwater. Interestingly, the daily intake of total iAs for children also exceeded the 
reference value even when the tap water (<10 g/l As) was used for both drinking water and 
the cooking of the locally grown rice (variety 1). This is due to the higher consumption of 
cooked rice per body weight (which is lower). 
On the other hand, the total daily intake of Fe from drinking water and cooked rice using the 
local groundwater sources was higher compared to the daily intake using tap water (Table 
6.7). However, using the data for both drinking water and food resulted in values that only 
exceeded the daily tolerable Fe intake children (45000 µg/day Fe) linked with the 
consumption of locally grown rice (variety 1). Similarly, the consumption of drinking water 
and locally grown cooked rice (varieties 1 or 2) using local groundwaters also exceeded the 
suggested tolerable Mn daily intake for children (1200 – 1500 µg/day Mn, Table 6.7). 
However, none of the daily intake of V, Cu, Zn and Mo for either drinking water and/or 
cooked rice (Table 6.8) surpasses the suggested tolerable daily intake for these elements 
(IOM, 2000).  
 Future work 7.5
The Argentina study revealed that the local groundwaters, especially within the rural 
communities of Eduardo Castex, La Pampa province, contained Mo levels that were higher 
than the typical levels found in natural waters (i.e. above the former WHO guideline for 
drinking water, 70 µg/l Mo). Thus, a further investigation needs to evaluate the effect of such 
levels on human and animal health, especially since such groundwaters are primarily used for 
the irrigation of food crops (vegetables, sweet corn, cereals and pasture for cattle feed) and 
for drinking water (humans and animals - especially cattle). This would require the 
determination of not only total Mo concentrations in waters, foodstuffs and human/animal 
tissues and fluids, but more importantly the Mo species. This would enhance knowledge 
about the bioavailability of Mo, biotransformation during water-soil-plant transfer, and the 
potential effect on toxicity to animals.  
As part of this research, a preliminary study has been undertaken to determine the qualitative 
levels of the redox Mo species, namely, Mo
V
 and Mo
VI
 in natural waters. This study 
investigated using the solid phase extraction (SPE) method based on the ion exchange 
cartridges (strong anion exchange, SCX and strong anion exchange, SAX), as reported for the 
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arsenic speciation analysis of waters (Watts et al., 2010). As such, the study used various 
conditioning solutions namely, methanol (50 % v/v MeOH), hydrochloric acid (2M HCl) and 
tartaric acid (0.3M) to determine the best conditioning solutions to retain the Mo species on 
both cartridges. This was achieved by passing through each cartridge a 30 ml solution of 100 
µg/l Mo
V
 (prepared from molybdenum (V) chloride in 0.1 perchloric acid under an argon 
environment) or Mo
VI
 (prepared from stock ammonium orthomolybdate in water) at various 
pH levels between 3 – 9 (adjusted using or ammonium hydroxide or perchloric acid). 
Interestingly, most of the Mo species from the standard solution were retained on the SAX 
cartridge (Mo
V
: > 90 % whilst Mo
VI
: 100 % of the individual spiked species) at pH 4 – 9 after 
pre-conditioning with HCl-DDW and MeOH-tartaric acid-DDW. However, > 60% of the 
total concentration of iMo
V
 were not retained on the SAX cartridge at pH 3. An evaluation of 
the SCX cartridge after pre-conditioning with HCl-DDW and MeOH-tartaric acid-DDW 
confirmed that only Mo
V
 was significantly retained at pH 3. This implies that this Mo species 
exists in the form of a cation under acidic conditions.  
A further study was undertaken on the elution solvent strength (using HCl, perchloric acid 
and ammonium hydroxide at various concentrations) and the elution volume necessary to 
extract the absorbed Mo species from the SAX cartridges. At this stage, the pre-conditioning 
of the SAX cartridge with 15 ml 2M HCl and 10 ml DDW gave good recovery levels of 93 – 
110 % for Mo
IV
 after elution using 2M HCl (5 ml and 10 ml). However, the recovery was 
increased by more than 120 % when eluting the iMo
V
 fraction using a similar eluent as that 
for the Mo
IV
 species. Moreover, the instability of the Mo
V
 species was confirmed as it is 
easily oxidised. This provides some important questions about the possible changes in the Mo 
species when applied to field-based sampling, i.e. during the process of sampling and loading 
onto the SPE cartridges. Since both species are in the form of anions, different eluents need to 
be used for the SPE separation process. So far in this preliminary study, this step could only 
be undertaken once the data for the Mo
V
 species in the solution was confirmed. Analysis of a 
standard solution containing both species at a pH < 5 and  7 (using 1 and 5 mg/l of each Mo 
species) using HPLC-UV (1220 Infinity HPLC, Agilent Technologies, UK) with an anion 
exchange column and a mobile phase of 5 mM Na2EDTA and 30 mM NH4H2PO4 at pH 8 
(Al-Rawahi, 2016) or 10 times a diluted alkaline buffer solution (0.2% NaOH + 0.3% 
Na2CO3 at pH 12) (Ščančar et al., 2015) failed to differentiate the peaks between the two Mo 
species. Thus, future work needs to confirm whether there is any possible interconversion of 
the species or whether the mobile phase selected for this method is not fit for purpose.  
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Another area of future research involves an evaluation of the effect of these Mo levels in 
irrigation and cattle drinking water on the health of animals in the La Pampa province 
(especially for those farms south of Eduardo Castex which had the highest Mo levels in 
groundwaters for this research). This is crucial as the groundwaters and associated foodcrops 
will have increased levels of Mo (and other trace elements) which via pasture consumption 
may influence the health status of the animals. Whilst this research has provided data on the 
relationship between Mo levels in groundwaters and plants collected for several farms near 
Eduardo Castex (and other regions of La Pampa), it may be possible to study the potential 
uptake of Mo by plants using hydroponic experiments (Lawson-Wood, 2017). This would 
enable an evaluation of the possible Mo dose effects on the uptake, translocation and possible 
accumulation in plant parts; variability due to pH and the presence of competing anions (such 
as the other key trace elements measured in these waters – As, Sb, V and Se). Moreover, Fe, 
Mn, Si and Al should be added to solutions containing both Mo species (dependent on pH) as 
various reports have stated that these cations can form complexes with Mo and thereby 
influence the uptake and distribution of this element within both the plant parts, and possible 
food sources (corn, carrots, onions, potatoes and cereals) (Kabata-Pendias, 2011; Xu et al., 
2013). Moreover, it is vital to research the possible methods of extracting As (and other 
anionic) species from foodstuffs so as to not ‗modify‘ the actual forms in the samples. 
Although the use of dilute acid, water or mixture of metanol solutions have been proposed for 
the extraction of arsenic species in rice, but at present there is still considerable doubt that 
such solvents do not change the actual As-forms that exits in the real samples (Williams et 
al., 2005; Raab et al., 2009; Alava et al., 2012; Halder et al., 2014). 
Since this study has highlighted the significant effects of using groundwaters in food 
preparation (washing and cooking of foodstuffs), further studies should be undertaken on the 
other trace elements (especially for As, V and Mo) found in the groundwaters and local 
foodstuffs. Praveena and Omar (2017) have proposed an in vitro digestion model that can be 
used to predict the bioaccessible forms of each element in relation to local household 
foodstuffs. This will enable an actual estimation of the human health risk from food ingestion 
as the in vitro digestion model mimics the physiological conditions in the human body. 
Finally, the measurement of the trace element levels in human samples may give a clearer 
understanding of the effects of exposure to high levels of Mo, As and V through the 
consumption of the drinking water and foods available in these regions of Argentina. 
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Appendix A1 The function, concentration and toxicity symptoms of selected trace elements in plant (mg/kg, dry weight) by adopted from 
Kabata-Pendias, (2011) and Soetan et al. (2010). Example of sensentive crops to the toxicity of these trace elements were also 
included. 
 
 
Element 
Form 
available 
to plants 
Concentration in plants  
(mg/kg, dry weight) 
 
Function in plants 
  
 
Toxicity symptom in plants 
 
Sensitive crops 
Deficiency Normal/ 
Sufficient 
Excess/ 
Toxic 
As As3+, As5+ - 1 - 1.7 > 5 No function have recognised Red-brown necrotic spots on old leaves, 
yellowing or browning of roots, depressed 
tillering, wilting of new leaves. 
Legumes, onion, 
spinach, cucumbers, 
broomgrass, apricots, 
peaches. 
Mo MoO4
2- 0.1 - 0.3 0.2-5 10-50 Essential for nitrogen fixation, cofactor that 
functions in nitrate reduction, component of 
enzyme used in nitrogen metabolism. 
Yellowing or browning of leaves, 
depressed root growth. 
Cereals 
V VO2+ - 0.2 – 1.5 5 - 10 Lipid metabolism, photosynthesis (in green 
algae), growth- promoting factor and 
participates in the fixation and accumulation 
of nitrogen  
stunt the growth of root (darkened, shorter, 
thickened, and produced fewer branches)1, 
chlorosis. 
Bean, rape2 
Mn Mn2+ 10 - 30 30-300 400-1000 Active in formation of amino acids, 
activates some enzymes, coenzyme activity, 
required for water splitting step of 
photosynthesis, chlorophyll synthesis. 
Chlorosis and necrotic lesions on old 
leaves, blackish-brown or red necrotic 
spots, accumulation of MnO2 particles in 
epidermal cells, drying tips of leaves, and 
stunted roots and plant growth. 
Cereals, legumes, 
potatoes, and cabbage 
Fe Fe2+, Fe3+ - 50-100 >1000 Component of cytochromes, electron 
transport, activates some enzymes, plays a 
role in chlorophyll synthesis. 
Dark green foliage, stunted growth of tops 
and roots, dark brown to purple leaves of 
some plants. 
Rice and tobacco 
Cu Cu+, Cu2+ 2 - 5 5 - 30 20 - 100 Component of many redox and lignin-
biosynthetic enzymes 
Dark green leaves followed by induced Fe 
chlorosis, thick, short, or barbed-wire 
roots, depressed tillering. Changes in lipid 
content and losses of polypeptides involved 
in photochemical activities. 
Cereals and legumes, 
spinach, citrus 
seedlings 
Zn Zn2+ 10 -20 
 
27 - 150 100 - 400 Active in formation of chlorophyll, activates 
some enzymes, plays a role in formation of 
auxin, chloroplasts and starch. 
Chlorotic and necrotic leaf tips, interveinal 
chlorosis in new leaves, retarded growth of 
entire plant, and injured roots resemble 
barbed wire 
Cereals and spinach 
1Yang et al., 2017; 2Tian st al., 2015. 
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Appendix A2 Summary of recommended daily allowance (RDA), adequate intake (AI), tolerable upper intake level (TUI), functions, 
symptoms of deficiency and toxicity of the investigated trace elements in this study (Lord, 2014; Fraga, 2005; Goldhaber, 
2003; Institute of Medicine, 2000).  
 
Element RDA 
(mg/day) 
AI 
(mg/day) 
UL* 
(mg/day) 
Function Symptoms of deficiency Symptoms of toxicity Source of foodstuffs 
As - - NA No biochemical function has been 
defined in humans. 
- associated with skin lesions 
(melanosis, leucomelanosis, 
and keratosis), hypertension, 
reproductive, respiratory, 
hepatic, neurological, 
cardiovascular, 
haematological and diabetic 
effects, risk of cancers of the 
skin, bladder, and lung. 
meat, poultry, fish, grains 
and cereal products. 
Mo 0.045 - 2 A cofactor for a limited number of 
enzymes in humans called 
molybdoenzymes that involved in 
catabolism of sulfur amino acids 
and heterocyclic compounds, 
including purines and pyridines. 
amino acid intolerance and 
irritability. 
a gout-like syndrome Legumes, nuts and grain 
products. 
V   1.8a No biochemical function has been 
defined in humans. 
skeletal deformations, thyroid 
metabolism, decreased growth, 
impairment of reproduction. 
respiratory irritation, 
gastrointestinal side effects, 
abdominal pain, nausea, 
vomiting, diarrhea, 
hypoglycemia and severe 
acute renal failure. 
mushrooms, shellfish, 
black pepper, parsley, 
dill seed, and certain 
prepared foods. 
Mn NA 2.3 (M) 
1.8 (F) 
11 Mn is found in different enzymes 
and it is associated with bone 
development, and with amino 
acid, lipid and carbohydrate 
metabolism. 
growth retardation, abnormal 
skeletal development, impaired 
glucose tolerance. 
 
 
 
psychologic and neurologic 
disorder, lethargy, tremor. 
Grain, rice, tea, nuts. 
Fe 8 (M and F > 
51 yrs) 
18 (F 19–50 
yrs) 
 45 Constituent of hemoglobin, 
myoglobin and a number of 
enzymes, and as much as 30% of 
the body iron is found in storage 
forms such as ferritin and 
hemosiderin, in the spleen, liver, 
and bone marrow, and a small 
amount is associated with the 
blood transport protein transferrin. 
Anaemia, fatigue, lethargy, 
impaired immune functions. 
vomiting and diarrhea, with 
subsequent effects on the 
cardiovascular and central 
nervous systems, kidney, 
liver, and blood, hereditary 
hemochromatosis. 
sources of heme Fe: 
hemoglobin and 
myoglobin from animals; 
sources of non-heme Fe 
are cereals, seeds of 
leguminous plants, fruits, 
vegetables, and dairy 
products. 
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Element RDA 
(mg/day) 
AI 
(mg/day) 
UL* 
(mg/day) 
Function Symptoms of deficiency Symptoms of toxicity Source of foodstuffs 
Cu 0.9  10 A component of a number of 
metalloenzymes acting as oxidases 
to achieve the reduction of 
molecular oxygen.  It is necessary 
for the development of connective 
tissue, nerve coverings, and bone. 
Anaemia, bone abnormalities 
(osteoarthritis/ porosis), poor 
growth, reproductive failure. 
Nausea, hepatic 
accumulation (Wilson‘s 
disease), cirrhosis, 
gastroenteritis. 
liver and other organ 
meats, oysters, nuts, 
seeds, dark chocolate, 
and whole grains. 
Zn 11 (M) 
8 (F) 
 40 A component of various enzymes 
in the maintenance of the 
structural integrity of proteins and 
in the regulation of gene 
expression. 
Poor growth (dwarfism, 
anorexia, impaired testicular 
development, osteoporosis 
risk. 
Copper depletion (interferes 
with metabolism), anaemia. 
red meat and poultry, 
beans, nuts, seafood 
(especially oysters), 
whole grains, fortified 
breakfast cereals, dairy 
products. 
* >19 years old; a based on adverse effects in laboratory animals; M: male; F: female; NA: not available. 
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Appendix A3 A review of arsenic in plants parts (shoot, leaves, stem, root) along with soil and irrigation water. Data for plant reported as 
mean or range.  
 
 
 
Reference 
 
 
Country 
 
 
Type of plant (s) 
Total As concentration in plants (mg/kg) 
 
 
Weight 
basis 
 
Mean AsT in soil 
(mg/kg) / water 
(µg/l) 
Leaves Stem Root / Flower (F) 
Wei et al. 
(2015) 
China  
(abandoned 
antimony mine) 
Indigenous  
plants 
1.45 – 217 
(mean) 
0.39 – 67.4 (mean) 1.02 – 144 (mean) 
 
 
NS 
soil : 441 - 1472  
Alvarenga 
et al. 
(2014) 
Portugal 
(abandoned 
pyrite mines) 
Lettuce (edible) 
control 
contaminated 
 
<0.17 (DL) 
<0.17 - 1.8 (mean) 
 
 
 
DW 
control soil : 
1.7 ±0.3 
contaminated soil : 
23.4 -1851 (mean) 
Coriander 
(edible) 
control 
contaminated 
 
<0.17  
<0.17 – 0.7 (mean) 
 
Cabbage (edible) 
control 
contaminated 
 
 
<0.17 
<0.17 – 0.3 (mean) 
Bergqvist 
et al. 
(2014) 
Sweden 
(abandoned 
glassworks) 
Carrot  
Contaminated  
Greenhouse  
(Shoot) 
0.44 – 5.09 (mean) 
0.42 
 
0.32 – 27.30 (mean) 
0.07 
 
DW 
control soil : 2.2  
contaminated soil: 
77.7-514 
Lettuce 
Contaminated  
Greenhouse 
(Shoot) 
0.76 – 11.4 (mean) 
0.29 
 
2.81 – 165 (mean) 
1.02 
Spinach 
Contaminated  
Greenhouse 
(Shoot) 
0.91 – 7.03 (mean) 
0.25 
 
4.39 – 83.1 (mean) 
0.62 
 
Hajar et al. 
(2014) 
Malaysia 
(medicinal uses) 
Stevia rebaudiana 0.0895 3.909 0.3135 (F)  
NS 
 
- 
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Reference 
 
 
Country 
 
 
Type of plant (s) 
Total As concentration in plants (mg/kg) 
 
 
Weight 
basis 
 
Mean AsT in soil 
(mg/kg) / water 
(µg/l) 
Leaves Stem Root / Flower (F) 
Halim et 
al. (2014) 
Bangladesh (coal 
mining) 
Rice plants 
 
1.23 (straw) 
1.03 (grain) 
5.09 DW 
 
 
 
 
soil : 14.83 - 41.97 
Kar et al. 
(2013) 
 
 
 
 
Taiwan 
(Geology) 
 
 
 
Tomato 
Cabbage 
Spinach 
Bean 
Onion 
Mustard 
Sweet potato 
Rice 
0.053   
0.013   
0.046   
0.009   
0.072   
0.076   
0.026   
0.027   
0.061  
- 
- 
0.014  
- 
0.116  
0.031  
0.047  
0.106  
0.058  
0.157  
0.057  
0.012  
0.262  
0.059  
0.182  
 
FW 
soil : 7.92 – 12.7  
 
groundwater :  
13.8 - 881 
Norton et 
al. (2013) 
UK (mining) Tomato 0.003  
FW 
soil: 110.7 
Cabbage 0.002 – 0.142 soil : 13.6 - 527.9 
Spinach 0.017 soil: 33.0 
potato <0.002 – 0.02 soil : 9.1 – 252.4 
carrots  0.002 – 0.049 soil : 31 – 110.7 
Sidhu et 
al. (2012) 
India 
 
Rice plants 
 
0.002 – 0.026 (straw) 
0.001 – 0.014 (grain) 
- 
- 
 
DW 
surface soil : 0.68 – 
2.33 
sub-surface soil : 
0.26 - 1.85 
tube well & hand 
pump water :  
0.42 - 20.97 
Biswas & 
Santra 
(2011) 
India  
(geology, As-
contaminated 
groundwater) 
Rice plants 
Contaminated  
 
 
Control 
 
4.48 (straw), 1.14 (husk), 0.49 (grain)  
 
 
1.91 (straw), 0.02 (husk), 0.032 (grain) 
 
13.15  
 
 
2.39  
 
DW 
 
Soil 
Contaminated : 6.67 
± 1.56 
Control : 1.03 ± 
0.01 
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Reference 
 
 
Country 
 
 
Type of plant (s) 
Total As concentration in plants (mg/kg) 
 
 
Weight 
basis 
 
Mean AsT in soil 
(mg/kg) / water 
(µg/l) 
Leaves Stem Root / Flower (F) 
Biswas & 
Santra 
(2011) 
India  
(geology, As-
contaminated 
groundwater) 
Tomato  
Contaminated 
Control  
 
0.43   
0.02   
 Irrigation water 
contaminated : 430 
± 170 
Control : 0.006 ± 
0.002 
Spinach 
Contaminated 
Control 
 
1.25   
0.023   
Cabbage  
Contaminated 
Control 
 
30.81   
1.59   
Samal et 
al.(2011) 
India 
(geology, As-
contaminated 
groundwater) 
Rice (boro) 
Rice(aman) 
Tomato 
Cabbage 
Spinach 
Kidney Bean 
potato 
0.194   
0.156   
0.084   
0.315   
0.265   
0.085   
0.291   
DW drinking water : 16  
cooked water : 171  
irrigation water: 
not stated 
 
Zandsalimi 
et al. 
(2011) 
Iran (naturally-
occurring 
arsenic) 
Indigenous plants <0.00005 (DL)- 86.25 (mean) - DW soil : 105.5 – 1670.6 
surface water : 4.53 
- 1280.6 
DL: detection limit, DW:dry weight, FW: fresh weight; NS: not clearly stated. 
 
 
 
 
Appendix A 
338 
 
Appendix A4 Typical natural trace element concentrations of plant, plant foodstuffs and 
suface soil in dry weight (mg/kg) (Ward, 2000). 
 
 
Trace element 
Concentration 
 
 (mg/kg)  
Plant Plant foodstuffs* Surface soil  
mean range mean range mean range 
Al 200  6 - 3500 15  3 - 140  3** 0.5 – 4.5 ** 
V 0.5  0.1 - 2.5 0.01   0.001 - 0.7  85 15 - 360 
Cr 0.2  0.02 - 0.2 0.05   0.01 - 14  60 5 - 1100 
Mn 80  20 - 240 0.01   0.001 - 0.7  450 7 - 2000 
Fe 120  30 - 920 60   6 - 13  5** 3 - > 10** 
Co 0.08  0.03 - 0.6 0.07   0.008 - 0.2  8 0.2 - 50 
Ni 1  0.1 - 5 0.8   0.06 - 4  20 1 - 120 
Cu 5  1 - 12 4   0.08 - 9  15 6 – 60 
Zn 30  12 - 60 25   1.2 - 45  60 17 - 125 
As 0.15  0.009 - 1.5 0.08   0.003 - 0.3  2.5 0.4 - 70 
Se 0.06  0.002 - 0.88 0.03  0.003 - 0.15 0.3 0.02 – 2.50 
Mo 0.3  0.03 - 8 0.5  0.04 - 2.5 1.5 0.2 - 12 
Cd 0.1  0.02 - 0.5 0.08  0.008 - 0.3 0.25 0.01 – 2.5 
Sb 0.06  0.001 - 10 0.01  0.001 - 0.25 0.75 0.05 - 3 
Pb 1  0.3 - 10 0.7  0.05 – 4 20 1.50 - 80 
*Plant foodstuffs - lettuce, cabbage, beans, corn, cereals; ** in percent (%) concentration. 
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Appendix A5 Literature reviews on arsenic accumulation in water, soils and plant foodstuffs in the state of India. 
 
District/State in 
India  
As in irrigation 
water (µg/l) 
As in soils 
(mg/kg) 
Arsenic in foodstuffs (mg/kg dry weight) Key point References 
Rice Others  
Nadia district, West 
Bengal, India. 
(plants: field grown 
collection) 
Control:  
< 50 
Contaminated: 
 >100  
Control field  
0 – 5 cm layer: 
3.17 – 12.93 
5 – 10 cm layer: 
3.4 – 16.22 
10 – 15 cm layer: 
4.69 – 15.72 
 
Contaminated field  
0 – 5 cm layer: 
18.11 – 54.25 
5 – 10 cm layer: 
19.53 – 47.14 
10 – 15 cm layer: 
16.18 – 41.08 
 
Rice plants (matured) 
Roots:  
28.93 – 50.46 
Straw: 
21.27 – 23.48 
Husk:  
0.67 – 0.84 
Grain:  
1.4 – 1.76  
-  As accumulation in soil and rice plants were 
inconsistent during two years of sampling periods. 
 As s is trapped in the lower soil layer and further 
leaching to groundwater during monsoonal flooding 
owing no stagnant water present in the experimental 
field, which percolated into deep layer within 1 to 2 
days after rain fall. 
 Excessive use of groundwater for irrigation during 
monsoon season (rainy) have concentrated more As in 
topsoils.  
 As levels followed the order:  root> straw >  grain >  
husk. 
 The As-accumulated rice grain give potential threat to 
human health although grown under rain cultivation. 
 The estimated daily intake of As in rice (raw) was 0.7 
– 0.8 mg/day. 
Shrivastava et al. 
(2017) 
Samastipur district, 
Bihar, India. 
(foodstuffs: 
household 
collection) 
- - Household rice (raw) 
0.003 – 0.132 
 
Cooked rice 
0.011–0.728 
Vegetables (raw) 
 non-leafy:   
0.04 - 3.95 
Wheat (raw)  
0.008 – 0.108 
Maize (raw)  
0.005 – 0.043 
Pulse (raw)  
0.008 – 0.049 
 As in drinking water (n=23): 6.25 - 135 μg/l (88% > 
WHO As safe limits), the main As daily dietary intake. 
 As levels in vegetables > rice. 
 As in cooked rice > uncooked rice samples due to 
higher As levels in cooking  water. 
 Food is the major contributor to the daily dietary intake 
of other trace elements (Cd, Co, Cr, Cu, Mn, Ni, Pb 
and Zn). 
Kumar et al. 
(2016) 
Nadia District,West 
Bengal, India. 
(rice: household 
collection) 
 
 
 
 
- - Rice grain (raw)* 
SB: 0.06–0.96  
MS: 0.07–0.33  
LS: 0.03–0.30  
 
 
 
Cooked rice 
0.025 to 0.741  
 
*short bold (SB), medium 
slender (MS) and long 
slender (LS) 
-  As in water was < 10 µg/l, while tube wells containing 
As > 50 µg/l.  
 Rice cooking has altered the As concentration in 
cooked rice compared to raw rice, particularly AsIII, 
depending on the As content in cooking water. 
 Rice washing not significantly affect the As level in 
raw rice, but rice cooking using As safe cooking water 
with traditional method (1 rice: 6 volume of water) was 
found as the ―decontamination‖  method for As from 
rice.  
 iAs raw rice:84.8 – 100 %; cooked rice: 69.8 – 100 %. 
 The daily dietary intake of iAs was 0.10 to 4.79 
μg/d/kg BW; where > 10% of the participants (n=59) 
have iAs PTDI value of > 2.1 μg/d/kg BW.  
 
 
 
Halder et al. 
(2014) 
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District/State in 
India  
As in irrigation 
water (µg/l) 
As in soils 
(mg/kg) 
Arsenic in foodstuffs (mg/kg dry weight) Key point References 
Rice Others  
Nadia District, West 
Bengal, India.  
(foodstuffs: 
household, home 
garden, market 
collection) 
- - Household rice (raw)  
0.01−0.64 
 
Vegetables (raw) 
 leafy: 0.20* 
 non-leafy: 0.07* 
 root: 0.10* 
  
*concentration was 
reported as mean 
 As in drinking water (n=24): only 37.5 % of samples < 
10 µg/l As. 
 As in rice and most of the studied vegetables are 
presents in 91.7% and 100% of iAs, respectively. 
 When As in drinking water was < 10 µg/l,  35% (n = 
41) of the participants have total iAs daily intake  >  
2.1 μg/day/ kg BW (WHO-PTDI) due to rice 
consumption. 
 When As in drinking water  was >10− 50 μg/l,  TDI-
iAs for all the participants have exceeded  PTDI value 
where the contribution of iAs from drinking water and 
rice was in equal.  
 When As  in drinking water  was > 50 μg/l,  the 
contribution from rice becomes negligible. 
Halder et al.   
(2013) 
Nadia District, West 
Bengal, India. 
(foodstuffs: field and 
market collection) 
50 – 810  2.33 - 14.37   
 
- Cultivated  
vegetables (raw)* 
 leafy: 0.107 - 0.421 
 non-leafy:  
0.04 - 0.395 
 root: 0.115 - 1.023 
Pulses (raw)* 
0.212 – 2.38 
Seed (raw)* 
0.339 – 0.373 
Marketed 
vegetables(raw)* 
 leafy: 0.041 - 0.338 
 non-leafy:  
0.003 - 0.371 
 root: 0.003 – 0.382 
Pulses (raw)* 
0.003 - 0.034 
 
* concentrations in wet 
weight. 
 As accumulation in cultivated winter vegetables and 
pulse where irrigated water and soil contained high 
arsenic levels. 
 Huge difference in As concentrations between field 
cultivated (local) and marketed (imported non-local) 
vegetables and pulses. 
Biswas et al. 
(2012) 
Nadia district of 
West Bengal, India. 
(foodstuffs: field 
grown collection) 
 
- - Rice grain (raw) 
Aman: 0.15 - 0.17 
Boro: 0.18 - 0.21 
 
 
Vegetables (raw): 
 leafy: 0.107 - 0.421 
 non-leafy: 0.04 - 0.395 
 root: 0.115 - 1.023 
Pulse (raw):  
0.008 - 0.09 
 As in drinking water: 16 µg/l; As in cooking water: 
171µg/l. 
 High As accumulation in foodstuffs that grown during 
post-monsoon season which cultivated using As 
shallow well waters. 
 The highest As daily intake was cooking water which 
possibly the evidence for the high As level in urine 
samples.  
 
 
Samal, et al. 
(2011) 
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District/State in 
India  
As in irrigation 
water (µg/l) 
As in soils 
(mg/kg) 
Arsenic in foodstuffs (mg/kg dry weight) Key point References 
Rice Others  
Nadia district, West 
Bengal 
(foodstuffs: field 
grown collection) 
318 - 643 5.70 - 9.71 Rice grain (raw) 
Aman: 0.06 - 0.60 
Boro: 0.19 - 0.78 
Vegetables (raw) 
 leafy: 0.003 - 0.65 
 non-leafy: 
0.003 - 0.62 
 root: 0.003 - 1.02 
Wheat (raw): 
0.01 -0.19 
Seed (raw):0.11 - 0.29 
Pulse (raw):0.003 -0.2  
 Prolonged irrigation of arsenic-contaminated ground 
water on agricultural land has accumulated As in  rice, 
wheat, vegetables and pulses. 
 As in soil was significantly correlated with the As in 
irrigation water (r = 0.52). 
Bhattacharya et al. 
(2010) 
Murshidabad (M), 
Nadia (N) and 
Midnapur (Md) 
district, West 
Bengal, India. 
(rice: household 
collection) 
 
- - Rice grain (raw) 
M: 0.03 – 0.21 
N: 0.11 – 0.21 
Md: 0.10 – 0.12 
 
Cooked rice 
M: 0.10 - 0.52 
N: - 0.10 - 0.32 
Md: 0.07 - 0.13 
-  As in drinking water; M: 130 ± 128 µg/l, N: 40 ± 99 
and Md: 1µg/l. 
 A very good correlation between raw and cooked rice 
was only observed for Midnapur when there is no As 
in cooking water. 
 A correlation between increase in As levels in cooking 
rice and As in cooking water was only observed in 
Nadia district. 
 Water was the dominant route of exposure in 
Murshidabad; both water and rice were major exposure 
routes in Nadia, whereas rice was the dominant 
exposure route in Midnapur.  
Mondal et al. 
(2010) 
Nadia district, West 
Bengal, India. 
(rice: field grown 
collection) 
 
 
 
 
 
98 – 774  1.27 – 12.36 Rice plants  
Roots: 7.02 – 18.79 
Straw: 1.15 – 4.18 
Husk: 0.55 – 1.37 
Grain: 0.24 – 0.74 
  Long term use of As-rich groundwater for irrigation 
has resulted in increase of As level in the agricultural 
soil and accumulation in rice plants (significant r = 
0.514). 
 Significant correlations were observed;  As in straw 
and As in irrigation water (r=0.428) and soil (r=0.514), 
between root and husk (r=0.538). 
 The As accumulation in rice plants followed the order 
of: root > straw > husk > grain.  
Bhattacharya et al. 
(2009) 
North-24- Pargana 
district (P) of West 
Bengal, East 
Medinipur district 
(M) and Kolkata city 
(K), India. 
 
(rice: field grown 
and household 
collection) 
 
 
 
 
 
Contaminated (P): < 
10 – 840   
 
Uncontaminated 
(M): < 3 
Contaminated (P): 
Boro: 17.93 – 32.27 
Aman: 9.70 – 18.61   
 
Uncontaminated (M): 
1.26 – 2.26 
 
Field grown 
Contaminated (P) (raw, 
n=9) 
Boro: 0.315 – 0.563 
Aman: 0.176 – 0.354 
 
Contaminated (P) (raw, 
n=7) 
Boro: 0.018 – 0.046  
Aman: 0.014 – 0.033 
 
Household 
Contaminated (P): 
Boro (n =55) 
Raw: 0.138 – 0.482 
  A significant positive correlation between As in 
irrigation water and soil, irrigation water and rice, and 
also soil and rice both for Boro (groundwater) and 
Aman (rain water) rice. 
 An increase of 100 µg/l As in irrigation water may 
cause an increase of 3.43 mg/kg As in the soil for Boro 
rice cultivation season. 
 90% of AsT in  Boro (cooked) and Aman (raw) rice 
from contaminated area were inorganic form. 
 8-58% of As were removed from both Boro and Aman 
raw rice during cooking with As safe water (< 3 µg/l) 
using traditional rice cooking method. 
 
 
 
Pal et al. (2009) 
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District/State in 
India  
As in irrigation 
water (µg/l) 
As in soils 
(mg/kg) 
Arsenic in foodstuffs (mg/kg dry weight) Key point References 
Rice Others  
North-24- Pargana 
district (P) of West 
Bengal, East 
Medinipur district 
(M) and Kolkata city 
(K), India. 
 
(rice: field grown 
and household 
collection) 
 
Cooked:0.033 – 0.138   
Aman (n =55) 
Raw: 0.028 – 0.163 
Cooked:0.008 – 0.057 
 
Uncontaminated (M): 
Boro (n =27) 
Raw: 0.031 – 0.084 
Cooked:0.007 – 0.025   
Aman (n =27) 
Raw: 0.021 – 0.049 
Cooked:0.007 – 0.017 
 
Uncontaminated (K): 
(n =148) 
Raw: 0.022 – 0.395 
Cooked: 0.006 - 0.096  
 In contaminated area, daily intake only from cooked 
Boro rice for 34.6% of the samples exceeded PTDI 2.1 
μg/day/ kg BW whereas daily intake from Aman rice 
was below PTDI value which similar to the daily 
intake of rice from uncontaminated areas and Kolkata 
city.  
 
 
 
 
 
Pal et al. (2009) 
Nadia district, West 
Bengal, India. 
(rice: field grown or 
local market 
collection ) 
 
- - Households rice (raw) 0.06 
- 0.28 
 
Cooked rice 
0.04 – 0.49 
 
-  As in drinking water: 0.57 – 69.1 µg/l; cooking water: 
0.55 - 104.2 µg/l. 
 When water containing 10 µg/l As was used in rice 
cooking, As in the raw rice was proportional to the As 
levels in cooked rice. 
 When As in cooking water >10 µg/l, a poor correlation 
observed between As in cooked and raw rice indicates 
that the concentration of cooked rice depends on As 
content of cooking water. 
 Rice is a major potential source of As exposure in the 
As-affected areas when As in drinking water < 10 µg/l. 
 Inorganic As in all rice varieties represent 74 ± 13% of 
total As.  
Mondal & Polya 
(2008) 
Murshidabad (M) 
and Nadia district 
(N)) in West Bengal, 
India. 
(plants*, crops and 
vegetables: field 
grown collection)  
 
*The collected plants 
were 30 to 35 days 
old 
Agricultural (M): 18 
– 200 
Paddy (N):  
4 - 82 
Surface soil 
M: 3.34 – 31.6 
N: 5 – 95.3 
 
Soil from root of plant 
M: 7.56 – 20.7 
N: 5.67 – 23.2 
 
Soil below ground 
M (0 – 30 cm):  
8.69 – 21.0 
N (15 – 50 cm): 
4.59 – 24.4 
 
 
Rice plant 
Roots: 60.3 – 1234 
Stem: 1.68 – 66 
Leaf: 1.80 – 31.8 
 
Rice grain (raw) 
M: 0.043 - 0.662 
N: 0.045 - 0.386 
 
Cooked rice  
M: 0.198 - 1.030 
N: 0.105 - 0.410 
Agricultural plants** 
Roots: < 0.04 – 2.9 
Stem: < 0.04 – 2.9 
Leaf: <0.04 – 1.6 
 
Vegetables (raw)  
 leafy: 0.087–0.690 
 root: 0.059 - 0.792 
Wheat (raw)  
Grain: 0.034 – 0.362,  
Spices (raw) 
0.040 - 0.481 
Cooked food 
Vegetables:  
0.186 – 0.617  
 
 As accumulation in rice grain from As-deposited land 
and cooking water.  
 As concentrations are high in cooked food and skin of 
the vegetables compared to the raw contents.  
 Rice grain and leaf of vegetables were contained 
89.9% and 89.2% of iAs, respectively. 
 The average iAs daily dietary intakes for an adult;  710 
µg (M) and 386 µg (N), with iAs contributes 89.5% of 
total As in foods. 
Roychowdhury 
(2008) 
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District/State in 
India  
As in irrigation 
water (µg/l) 
As in soils 
(mg/kg) 
Arsenic in foodstuffs (mg/kg dry weight) Key point References 
Rice Others  
North 24-Parganas 
district, Calcutta, 
West Bengal, India. 
- - Paddy rice (raw) 
0.479 – 0.513 
 
Atab  rice (raw) 
0.251 – 0.291 
 
Boiled rice (raw) 
0.463 – 0.475 
 
Puffed rice (raw) 
0.110 – 0.130 
Vegetables (raw) 
 Non-leafy:  
0.042–0.082 
 root: 0.050 - 0.171 
Pulses (raw)  
0.030 – 0.043 
Spices (raw)  
0.045- 0.222 
 
 Boiled rice and most of vegetables contained > 80% 
iAs while the spices contained 18 – 100 % of iAs. 
 Rice and vegetables contributed to 51% of total daily 
food intake and could reach up to 70% under food 
shortage circumstances.  
 The  highest As levels was in rice, while roots group 
vegetabtable also showed high As contents. 
 Daily arsenite intake from water, rice, and vegetables < 
124 µg/day iAs (TDI) when there is food scarcity, but 
2.5 times higher than the TDI when food is abundant 
where 54 % of iAs was from rice. 
Signes-Pastor et 
al. (2008) 
Malda District, West 
Bengal, India 
2 - 804  
 
7 – 38* 
 
*note: 
uncontaminated soil:  
7 
rice paddy: 38  
wheat: 18  
Rice plants  
Roots: 169 - 178 
Stem: 6.55–7.06 
Husk: 1.10–1.11  
Grain: 0.30 
 
 
 
Wheat plants 
Root : 0.30 – 0.74  
Stem: 0.30 – 0.73 
Grain: 0.71 – 0.74  
 
 
 
 75% of the irrigation waters contains As concentration 
>50 µg/l, 55% >100  µg/l and 27% >200 µg/l. 
 Arsenic concentrations are low in both rice and wheat 
grains, but a gradual increase of the contents could be 
observed in the rice plant, from grains husks, leaves 
and stems to the roots.  
 The high As contents measured in the root are due to 
an Fe-rich mineral plaque which coats the root. 
Norra et al. (2005) 
Murshidabad district, 
West Bengal, India. 
shallow tubewell for 
cultivation:  40 - 
182 µg/l As; 
irrigation: 18–200 
µg /l As. 
3.34 - 31.6 Rice grain (raw) 
0.041 - 0.61 
 
 
Vegetables (raw) 
 leafy:  
< 0.0004 - 0.138 
 non-leafy:  
< 0.0004 - 0.04 
 root:  
<0.0004 – 0.138 
Pulse (raw) 
0.003 – 0.167 
Spices (raw) 
<0.0004 – 0.550 
Wheat flour (raw) 
0.010– 0.076 
 Rice contributes > 92% of the total As daily intake 
from food composites (rice, vegetables and spices) for 
adult and children. 
 Water contributes ≥ 70 % of the total intakes of As 
from all sources for adults and children. 
 Average As daily intake from all sources: 658 – 801 
µg/day (adult male), 588 – 718 µg/day ( adult female), 
432 – 658 µg/day (children), which exceeded the 
recommended TDI of 124 µg/day. 
Roychowdhury et 
al. (2003) 
Note: PTDI- permissible tolerable daily intake = 2.1 μg/day/ kg body weight or 124 µg/day considering body weight of 60 kg. 
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The following sections detail the statistical calculations applied throughout this research 
study. The descriptive statistics used are given in sections B1(i)-(iii); these include the 
calculations for mean (arithmetic), standard deviation and relative standard deviation. Next, 
section B2 will explain the the Student‘s t-test that was used to compare between the average 
of the experimental value and a known value. The comparison of two normally distributed 
population means was undertaken using t-tests, as outlined in section B3; whilst a paired t-
test is covered in section B4. The next section B5 will explain the non-parametric method that 
was used for the comparison the medians of two or more independent populations using the 
Kruskal- Wallis test. The non-parametric Spearman‘s rank correlation coefficient is outlined 
in section B6 in order to test the association between two variables. Finally, section B7 
explains the principal component analysis (PCA) used to identify possible patterns in the data 
set which may highlight their similarities and differences. The majority of the these statistical 
tests were calculated using statistical software packages IBM® SPSS® Statistics version 20 
and GraphPad Prism 6; whilst PCA was calculated using  Matlab. The elemental data below 
the limit of detection were assigned a value of one-half the limit of detection, as suggested by 
Farnham et al. (2002). This has also been applied in previous studies involving the data 
analysis of Argentina studies (Farnfield, 2012; Lord, 2014; Al Rawahi, 2016). 
 
B1. Descriptive statistics 
i. Arithmetic Mean  
The arithmetic mean ( ̅) is the sum of each elemental (∑xi) measurements divided by the 
number of measurements (n) (Miller & Miller, 2010),  
 
 ̅   
∑   
 
 
Eq. B1.1  
ii. Standard deviation 
The standard deviation (s) is a measure of the spread of a set of data points that calculated 
using Equation 1.2 (Miller & Miller, 2010),  
 
    √∑      ̅        
 
 
       xi = individual measurement;  ̅=mean; n= number of samples. 
Eq. B1.2  
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iii. Relative standard deviation 
Percentage relative standard deviation (RSD) or also known as the coefficient of variation 
(CV), is calculated using Eq. B1.3 to assess the level of precision in section 2.5.4 (Chapter 2) 
(Miller & Miller, 2010), 
.           
 
 ̅
         
       s= standard deviation and  ̅ = mean. 
Eq. B1.3  
 
B2. Student’s t test – comparison of an experimental mean with a known value 
The Student‘s t-test as calculated using equation Eq.1.3 was used in section 2.5.4 to 
determine if there is a significant difference between an experimental mean value and the 
known value of certified reference material (CRM). The null hypothesis (  ) in this test 
states that there is no significant difference between the two mean values. In this case, the 
calculated (| |calc ) and critical (| |crit) values are compared for     degrees of freedom 
(Dof) at a specified probability level (i.e. P ≤ 0.05, or 95 % confidence). If | |calc is higher 
than | |crit,     is rejected. Therefore,  there is a significant difference between the two 
population means (Miller & Miller, 2010), 
 
 
   
  ̅    √ 
 
          
 
          ̅ = mean vaue of measurement;  
µ = the known value;  
  = standard deviation and 
n = number of measured. 
 Eq. B2.1  
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B3. Paired t-test 
A Paired t-test was used to compare the mean of two techniques for the same of  data set as 
presented in the section 2.6.5 (intra-laboratory comparison methods for Mo). The null 
hypothesis states that there is no significant difference in the molybdenum water data using 
ICP-MS and GF-AAS.  In order to test this null hypothesis, the difference between each pair 
of values (measured and certified), and the mean and standard deviation of these differences 
( ̅   and   , respectively) was calculated, then applied the following formula,  
 
As is similar to the previous t-test, the value of | |calc  > | |crit indicates that the null hypothesis 
was rejected at a probability level of 95 %, thus the mean of the two data set differs 
significantly (Miller & Miller, 2010).  
 
B4. Kruskal-Wallis test 
The Kruskal-Wallis test was used to compare the median of three or more independent 
samples. The values in each data set are ranked together in ascending order (i.e. by increasing 
concentration) and given a rank value (1,2, 3....N, where N is the number of samples). The 
sum of the rank values for each data set      were then calculated by a chi-squared statistic 
     using the following equation,  
 
 
 
 
 
    ̅ √
 
  ⁄    
           ̅  = mean vaue of measurement;  
               n    = number of measured and  
                    = standard deviation and 
Eq. B3.1 
 
 
 
    
  
    
    (
  
 
  
       
  
 
  
)               
   
        is the number of data sets and  
                 is the sum of the rank values for a particular data set. 
Eq. B4.1 
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The value of      was compared to the tabulated critical      values, where the degrees of 
freedom are    . The null hypothesis states that there is no significant difference between 
the medians if the calculated      is less than the critical value at specific probability level 
(Miller & Miller, 2010). 
 
B5. Spearman rank correlation coefficient 
The Spearman rank correlation coefficient     is a non-parametric test that evaluates the 
strength of the linear relationship between two sets of data which are not normally distributed 
as calculated using the equation B6. The Spearman coefficient can range between -1 ≤   ≤ 
+1; where values of +1, 0 and -1 correspond to a perfect positive correlation, no correlation, 
and a perfect negative correlation, respectively. The null hypothesis      states that there is 
no correlation between the two sets of data (Miller and Miller, 2010). If the calculated 
value    exceeds the critical value,    is rejected and therefore the two data sets are 
significantly correlated at specific probability (Corder and Foreman, 2014; Miller and Miller, 
2010). In this study, correlation analysis was used to evaluate the elementals relationship in 
water (section 3.5.1), plants and soils (section 4.4).  
 
B6. Principal component analysis 
Principal component analysis (PCA) is a technique for reducing the amount of data when 
there is a correlation present. The principal components, namely              are linear 
combinations of the original variables describing each specimen,              (Eq B6.1). 
The coefficients         , etc. or known as loading are chosen so that the new variables, 
unlike the original variables, are not correlated. Based on the Eq. B6.1, the first principal 
component (PC1),   , accounts for most of the variation in the data set, the second (PC2),   , 
accounts for the next largest variation and so on. Hence, when a significant correlation occurs 
the number of useful PCs is much less than the number of original variables. PCA assumes 
 
 
 
   
   ∑   
 
 
        
   
   
         is the difference between each ranking pair and 
                    is the number of sample pairs. 
Eq. B5.1 
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that only a limited number of causes or sources (PCs) are responsible for most of the variance 
in the original data array (Miller and Miller, 2010). 
 
In the case of this study, the principal components analysis (PCA) was used to study two-way 
arrays of data set containing multiple parameters (physico-chemical and trace elements) for 
the groundwaters from three provinces of Argentina. This was used to find whether any 
relationships exist between groups of samples (namely controls, SE-LP, CN-LP and S-BA) 
and variables (namely pH, EC, TDS, Eh , As, Mo, V, Mn, Fe, Cu, Zn and U) which ultimately 
will identify the potential sources affecting the elemental distribution (grouped based on the 
similarities/dissimilarities) across the sampling regions (Felipe-Sotelo et al., 2007). In order 
to undertake the PCA analysis in this study, the original data set (only groundwaters) was 
arranged in two-way arrays of dimensions          , where   is the number of samples and 
  is the number of variables, as illustrated in the Figure B6. Then, the calculation of PCA was 
accomplished by using the PCA toolbox for MATLAB software, as suggested by Ballabio 
(2015). 
 
 
 
 
 
 
 
 
 
                                            Eq. B6.1 
 
 
                                            
              etc. 
               are the coefficients. 
 
Sampling regions  
(assigned as class 1 - 4) 
12 variables,  𝐽 
93 samples, 𝐼 
Controls  
S-BA 
CN-LP 
SE-LP  
Figure B6:  Two-way arrays of dimension for groundwater data set. 
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In order to select the optimal number of principle components, the original data set was 
autoscaled before the calculation of the eigenvalue. An eigenvalue corresponds to each PC 
that gives the amount of variance in the data set which is explained by that principal 
component. For an autoscaled data, the average value is equal to 1 as suggested by Ballabio 
(2015). This minimises the influence of variation related to random effects and the 
interpretation is significantly supported by reducing the data dimension. Based on the 
selected eigenvalues, the retained PCs         were calculated in terms of loadings        
and scores       . The loading plot represents the coefficients of variables in defining 
principal components  whilst the score plot represents the sample coordinates in the PC space 
and allows visual investigation of the data structure by analysing sample positions and their 
relationships (Ballabio, 2015). 
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Appendix C1 The sampling locations and coordinates in the present study. 
 
Code Location  Water type Grid reference 
Rio Negro/ Rio Colorado (Control) 
RCN-SW-01 Rio Colorado Surface  38°58'35'' S / 64°06'23'' W 
RCN-SW-02 Rio Colorado Surface  38°58'35'' S / 64°06'23'' W 
RCN-SW-03 - 04 Rio Colorado Surface  38°58'35'' S / 62°40'09"W 
RN-SW-05 General Roca surface  39°06'32'' S / 67°37'42'' W 
RN-SW-06 Paso Cordoba Surface (control) 39°06'46'' S / 67°37'09'' W 
RN-SW-07 Paso Cordoba Surface (control) 39°06'46'' S / 67°37'09'' W 
RN-SW-10 Paso Cordoba  Surface (control) 39°06'46'' S / 67°37'09'' W 
RN-SW-11 Rio Negro surface water 39° 4' 43'' S / 67°29'19'' W 
RN-TW-01 General Roca Municiple (tap) 39°02'10'' S / 67°33'59'' W 
RN-TW-02 General Roca Municiple  39°02'10'' S / 67°33'59'' W 
RN-TW-03 General Roca Municiple  39°02'10'' S / 67°33'59'' W 
RN-TW-04 General Roca Municiple  39°02'10'' S / 67°33'59'' W 
RN-TW-05 Rio Negro Tap water 39°01'48'' S / 67°34'35'' W 
RN-TW-06 Rio Negro Tap water 39°02'43'' S / 67°32'18'' W 
RN-TW-07 Rio Negro Tap water 38°58'49'' S / 67°49'51'' W 
RN-TW-08 Rio Negro Tap water 38°56'34'' S / 68°00'35'' W 
RN-TW-09 Rio Negro Tap water 39°05'06'' S / 67°35'27'' W 
RN-TW-10 Rio Negro Tap water 38°56'10'' S / 67°58'59'' W 
RN-TW-11 Rio Negro Tap water 39°02'06'' S / 67°32'21'' W 
RN-TW-12 Rio Negro Tap water 39°01'18'' S / 67°34'26'' W 
RN-TW-13 Rio Negro Tap water 39°00'38'' S / 67°50'08'' W 
RN-GW-01 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-02 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-03 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-04 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-05 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-06 General Roca Well (groundwater) 39°04'43'' S / 67°29'19'' W 
RN-GW-07 Rio Negro Well (groundwater) 39°02'04'' S / 67°39'40'' W 
RN-GW-08 Rio Negro Well (groundwater) 38°57'32'' S / 67°59'16'' W 
RN-GW-09 Rio Negro Well (groundwater) 39°02'43'' S / 67°32'18'' W 
RN-GW-10 Rio Negro Well (groundwater) 39°00'49'' S / 67°50'21'' W 
RN-RW-01 General Roca Rain water  39°02'10'' S / 67°33'59'' W 
RN-RW-02 General Roca Rain water  39°02'10'' S / 67°33'59'' W 
South-east La Pampa (SE-LP) 
LP-R-GW-01 Ruta 154 Well (groundwater) 38°24'07'' S / 64°04'51'' W 
LP-R-GW-02 Ruta 154 Well (groundwater) 38°17'50'' S / 64°04'58'' W 
LP-R-GW-03A Ruta 154 Well (groundwater) 37°54'00'' S / 64°04'52'' W 
LP-R-GW-03B Ruta 154 Well (groundwater) 37°54'08'' S / 64°04'51'' W 
LP-B-GW-01 Bernasconi, LP Well (groundwater) 37°54'10'' S / 63°44'38'' W 
LP-B-GW-02 Bernasconi, LP Well (groundwater) 37°46'03''S / 63°58'45'' W 
LP-B-GW-03 Bernasconi, LP Well (groundwater) 37°47'29''S / 63°55'36'' W 
LP-B-GW-04 Bernasconi, LP Well (groundwater) 37°49'38''S / 63°52'09'' W 
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Code Location  Water type Grid reference 
LP-B-GW-05 Bernasconi, LP Well (groundwater) 37°50'27''S / 63°52'06'' W 
LP-B-GW-06 Bernasconi, LP Well (groundwater) 37°52'59''S / 63°45'03'' W 
LP-B-GW-07 Bernasconi, LP Well (groundwater) 37°53'19''S / 63°44'02'' W 
LP-B-GW-08 Bernasconi, LP Well (groundwater) 37°53'45''S / 63°43'52'' W 
LP-B-GW-09 Bernasconi, LP Well (groundwater) 37°53'29''S / 63°53'57'' W 
LP-B-GW-10 Bernasconi, LP Well (groundwater) 37°53'42''S / 63°53'19'' W 
LP-B-GW-11 Bernasconi, LP Well (groundwater) 37°53'50''S / 63°53'16'' W 
LP-B-GW-12 Bernasconi, LP Well (groundwater) 37°54'05''S / 63°42'57'' W 
LP-B-GW-13 Bernasconi, LP Well (groundwater) 37°56'01''S / 63°39'28'' W 
LP-B-GW-14 Bernasconi, LP Well (groundwater) 37°56'17''S / 63°38'46'' W 
LP-B-GW-15 Bernasconi, LP Well (groundwater) 37°56'36''S / 63°38'26'' W 
LP-B-GW-16 Bernasconi, LP Well (groundwater) 37°57'38''S / 63°36'15'' W 
LP-B-GW-17 Bernasconi, LP Well (groundwater) 37°58'52''S / 63°35'57'' W 
LP-GSM-GW-01 General San Martin, LP Well (groundwater) 37°56'47''S / 63°38'07'' W 
LP-GSM-GW-02 General San Martin, LP Well (groundwater) 38°17'50''S / 64°04'58'' W 
LP-GSM-GW-03 General San Martin, LP Well (groundwater) 37°54'00''S / 64°04'52'' W 
LP-GSM-GW-04 General San Martin, LP Well (groundwater) 37°54'08''S / 64°04'51'' W 
LP-GSM-GW-05 General San Martin, LP Well (groundwater) 37°56'47''S / 63°38'07'' W 
LP-GSM-GW-06 General San Martin, LP Well (groundwater) 37°58'57''S / 63°36'17'' W 
LP-GSM-GW-07 General San Martin, LP Well (groundwater) 37°58'35''S / 63°35'55'' W 
LP-GSM-GW-08 General San Martin, LP Well (groundwater) 37°56'11''S / 63°35'50'' W 
LP-GSM-GW-09 General San Martin, LP Well (groundwater) 37°56'11''S / 63°35'50'' W 
LP-GSM-GW-10 General San Martin, LP Well (groundwater) 37°58'23''S / 63°35'04'' W 
LP-GSM-GW-11 General San Martin, LP Well (groundwater) 37°58'19''S / 63°34'51'' W 
LP-GSM-GW-12 General San Martin, LP Well (groundwater) 37°59'21''S / 63°33'15'' W 
LP-GSM-GW-13 General San Martin, LP Well (groundwater) 37°59'26''S / 63°33'07'' W 
LP-GSM-GW-14 General San Martin, LP Well (groundwater) 38°00'01''S / 63°31'57'' W 
LP-GSM-GW-15 General San Martin, LP Well (groundwater) 38°00'52''S / 63°30'21'' W 
LP-GSM-GW-16 General San Martin, LP Well (groundwater) 37°57'34''S / 63°35'25'' W 
LP-GSM-GW-17 General San Martin, LP Well (groundwater) 37°53'49''S / 63°35'19'' W 
Central-northern La Pampa (CN-LP) 
LP-EC-GW-01 Eduardo Castex, LP Well (groundwater) 35°59'12"S / 64°16'09"W 
LP-EC-GW-02 Eduardo Castex, LP Well (groundwater) 35°59'11"S / 64°15'58"W 
LP-EC-GW-03 Eduardo Castex, LP Well (groundwater) 35°58'44"S / 64°15'30"W 
LP-EC-GW-04 Eduardo Castex, LP Well (groundwater) 35°59'53"S / 64°14'50"W 
LP-EC-GW-05 Eduardo Castex, LP Well (groundwater) 35°59'53"S / 64°14'51"W 
LP-EC-GW-06 Eduardo Castex, LP Well (groundwater) 35°59'50"S / 64°15'27"W 
LP-EC-GW-07 Eduardo Castex, LP Well (groundwater) 35°59'52"S / 64°15'08"W 
LP-EC-GW-08 Eduardo Castex, LP Well (groundwater) 35°58'54"S / 64°16'28"W 
LP-EC-GW-09 Eduardo Castex, LP Well (groundwater) 35°58'27"S / 64°16'33"W 
LP-EC-GW-10 Eduardo Castex, LP Well (groundwater) 35°58'24"S /  64°16'34"W 
LP-EC-GW-11 Eduardo Castex, LP Well (groundwater) 35°56'04"S / 64°16'24"W 
LP-EC-GW-12 Eduardo Castex, LP Well (groundwater) 35°56'15"S / 64°16'22"W 
LP-EC-GW-13 Eduardo Castex, LP Well (groundwater) 35°55'45"S / 64°16'18"W 
LP-EC-GW-14 Eduardo Castex, LP Well (groundwater) 35°55'43"S / 64°16'18"W 
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Code Location  Water type Grid reference 
LP-EC-GW-15 Eduardo Castex, LP Well (groundwater) 36°02'44"S / 64°16'11"W 
LP-EC-GW-16 Eduardo Castex, LP Well (groundwater) 36°03'16"S / 64°16'04"W 
LP-EC-GW-17 Eduardo Castex, LP Well (groundwater) 35°59'23"S / 64°16'23"W 
LP-EC-TW-01 Eduardo Castex, LP Tap water 35°59'12"S / 64°15'32"W 
Southern Buenos Aires (S-BA)     
BA-GW-01 Southern Buenos Aires, BA Well (groundwater) 
38°06'15"S / 63°19'05"W 
BA-GW-02 Souther Buenos Aires, BA Well (groundwater) 
38°06'41"S / 63°18'41"W 
BA-GW-03 Souther Buenos Aires, BA Well (groundwater) 
38°19'14"S / 62°58'31"W 
BA-GW-04 Souther Buenos Aires, BA Well (groundwater) 
38°17'16"S / 62°59'44"W 
BA-GW-05 Souther Buenos Aires, BA Well (groundwater) 
38°05'05"S / 63°22'36"W 
BA-GW-06 Souther Buenos Aires, BA Well (groundwater) 
38°05'34"S / 63°22'17"W 
BA-GW-07 Souther Buenos Aires, BA Well (groundwater) 
38°05'34"S / 63°21'13"W 
BA-GW-08 Souther Buenos Aires, BA Well (groundwater) 
38°05'59"S / 63°21'58"W 
BA-GW-09 Souther Buenos Aires, BA Well (groundwater) 
38°06'07"S / 63°20'14"W 
BA-GW-10 Souther Buenos Aires, BA Well (groundwater) 
38°06'31"S / 63°18'14"W 
BA-GW-11 Souther Buenos Aires, BA Well (groundwater) 
38°06'17"S / 63°17'14"W 
BA-GW-12 Souther Buenos Aires, BA Well (groundwater) 
38°07'11"S / 63°17'12"W 
BA-GW-13 Souther Buenos Aires, BA Well (groundwater) 
38°06'58"S / 63°16'21"W 
BA-GW-14 Souther Buenos Aires, BA Well (groundwater) 
38°05'52"S / 63°16'16"W 
BA-GW-15 Souther Buenos Aires, BA Well (groundwater) 
38°05'59"S / 63°21'58"W 
BA-GW-16 Souther Buenos Aires, BA Well (groundwater) 
38°07'00"S / 63°16'36"W 
BA-GW-17 Souther Buenos Aires, BA Well (groundwater) 
38°07'00"S/ 63°15'42"W 
BA-GW-18 Souther Buenos Aires, BA Well (groundwater) 
38°07'22"S / 63°15'49"W 
BA-GW-19 Souther Buenos Aires, BA Well (groundwater) 
38°07'13"S / 63°15'13"W 
BA-GW-20 Souther Buenos Aires, BA Well (groundwater) 
38°07'45"S / 63°13'53"W 
BA-GW-21 Souther Buenos Aires, BA Well (groundwater) 
38°07'60"S / 63°13'05"W 
BA-GW-22 Souther Buenos Aires, BA Well (groundwater) 
38°15'12"S / 63°02'01"W 
BA-GW-23 Souther Buenos Aires, BA Well (groundwater) 
38°17'52"S / 62°59'40"W 
BA-GW-24 Souther Buenos Aires, BA Well (groundwater) 
38°17'54"S / 62°58'52"W 
BA-SG-GW-01 -05 Souther Buenos Aires, BA Well (groundwater) 38°18'05"S / 62°58'56"W 
BA-SG-GW-06 Souther Buenos Aires, BA Well (groundwater) 38°18'12"S / 62°58'52"W 
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Appendix C2 The concentration of the arsenic total and species in water (µg/l) and the 
percentage recovery of the arsenic based on the SPE methodology for 
control sites (section 3.1.3, Chapter 3). 
  
Sample code  
Concentration (µg/l)  Recovery   
(%) AsT iAs
III
 iAs
V
 MA
V
 DMA
V
 
Surface water (SW) 
RC-SW-04 1.53 1.19 0.06 0.13 0.06 98 
RN-SW-09 1.64 0.11 0.89 0.47 0.17 100 
RN-SW-11 2.29 0.34 0.90 0.76 0.19 96 
Tap water (TW) 
RN-TW-03 2.44 0.40 1.28 0.57 0.29 112 
RN-TW-04 1.53 0.10 0.73 0.46 0.18 96 
RN-TW-05 4.26 0.37 2.56 1.23 0.18 101 
RN-TW-06 1.70 0.20 1.13 0.38 0.13 108 
RN-TW-07 1.36 0.67 0.47 0.20 0.20 114 
RN-TW-08 2.06 0.12 0.85 0.54 0.68 106 
RN-TW-09 2.16 0.43 0.70 0.59 0.68 112 
RN-TW-10 27.62 0.72 14.32 13.57 0.36 105 
RN-TW-11 2.75 0.28 0.66 0.81 1.04 101 
RN-TW-12 1.29 0.52 0.43 0.24 0.23 112 
RN-TW-13 1.79 0.15 1.19 0.37 0.15 104 
RN-TW-14 3.73 0.33 0.31 0.52 1.87 81 
Groundwater (GW) 
GW-04 1.50 1.18 0.19 0.18 0.11 111 
GW-05 1.22 0.95 0.19 0.18 0.11 118 
GW-06 1.19 0.89 0.19 0.19 0.12 118 
GW-07 11.71 2.32 5.99 3.94 0.31 108 
GW-08 11.07 1.59 5.45 3.57 0.22 98 
GW-09 18.31 0.59 6.92 4.88 0.23 70 
GW-10 38.46 0.54 14.60 15.33 0.35 80 
Rain water (RW) 
RW-02 2.71 0.62 2.26 0.70 0.13 137 
RW-04 3.23 0.49 2.24 0.71 0.14 112 
Note: * used for washing and cooking foodstuffs in Chapter 5, AsT – arsenic total, iAs
III
 – arsenite, iAsV – 
arsenate, MA
V
 – monomethylarsonic acid, DMAV – dimethylarsenic acid. 
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Appendix C3 The concentration of the arsenic total and species (µg/l) and percentage 
recovery of arsenic based on the SPE methodology for south-eastern La 
Pampa (section 3.2.3, Chapter 3). 
 
Sample code  
Concentration (µg/l)  Recovery   
(%) AsT  iAs
III
 iAs
V
 MA
V
 DMA
V
 
Bernasconi (LP-B-#) 
Rural groundwater (GW) 
GW-13 107.29 28.48 62.02 10.18 0.44 94 
GW-14 107.47 22.28 53.90 27.24 0.51 96 
GW-15 108.96 19.00 42.04 34.74 0.55 88 
GW-16 61.92 18.82 5.89 28.71 0.55 87 
GW-17 80.53 69.93 8.36 10.72 1.34 112 
General San Martin (LP-GSM-#) 
Rural groundwater (GW) 
GW-02 143.37 122.85 3.74 5.87 2.82 94 
GW-03 313.14 88.13 108.17 17.78 3.67 69 
GW-04* 319.39 85.55 112.54 15.88 3.38 68 
GW-04 293.15 221.60 26.82 11.88 1.42 89 
GW-04 315.68 194.48 24.92 16.75 2.08 76 
GW-04 293.47 204.33 19.59 21.49 1.75 84 
GW-04* 280.70 200.29 37.27 11.38 1.07 89 
GW-04 300.09 191.96 30.18 12.30 1.29 79 
GW-05* 153.18 0.85 128.18 8.91 0.17 90 
GW-06* 39.05 32.39 1.81 1.09 0.34 91 
GW-07 140.78 89.20 52.22 4.47 0.89 104 
GW-08 18.03 1.98 10.39 3.01 2.27 97 
GW-09 115.40 1.14 104.09 13.51 0.14 103 
GW-10 47.07 4.55 40.48 2.07 1.13 102 
GW-11 299.57 107.63 120.52 13.87 3.25 82 
GW-12 266.69 120.02 71.61 9.07 1.63 76 
GW-13 104.69 60.00 1.81 11.00 1.17 71 
GW-14 64.01 59.76 1.05 7.23 0.42 107 
GW-15 126.67 74.28 19.77 8.95 0.57 82 
Urban tap water (TW) 
TW-01* 27.83 19.97 2.02 2.80 0.19 90 
Note: * used for washing and cooking foodstuffs in Chapter 5, AsT – arsenic total, iAs
III – arsenite, iAsV – arsenate, MAV – 
monomethylarsonic acid, DMAV – dimethylarsenic acid. 
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Appendix C4 The concentrations of arsenic total and species (µg/l) and percentage 
recovery of arsenic based on the SPE methodology for central-northern La 
Pampa, LP-EC-# (section 3.3.3, Chapter 3). 
 
Sample code  
Concentration (µg/l) Recovery   
(%) AsT  iAs
III
 iAs
V
 MA
V
 DMA
V
 
Groundwater (GW) 
LP-EC-GW-01A 594.86 287.48 196.48 26.39 3.99 86 
LP-EC-GW-01B 580.00 291.70 222.70 25.20 3.78 94 
LP-EC-GW-01C* 587.89 309.40 197.81 27.65 3.91 92 
LP-EC-GW-01D 577.03 316.32 221.34 18.31 3.94 97 
LP-EC-GW-01E 910.44 888.53 205.47 31.36 5.20 124 
LP-EC-GW-01F 910.28 545.60 198.25 35.12 2.64 86 
LP-EC-GW-01G* 791.78 459.80 159.09 27.84 2.06 82 
LP-EC-GW-01H 787.63 453.08 162.40 26.84 2.24 82 
LP-EC-GW-01I 785.22 405.92 168.54 30.50 2.90 77 
LP-EC-GW-02 598.72 290.18 214.59 26.54 3.67 89 
LP-EC-GW-03 586.40 282.16 214.48 27.01 4.42 90 
LP-EC-GW-04A 1435.05 950.75 112.23 81.57 5.43 80 
LP-EC-GW-04B 1386.33 930.85 121.19 38.30 5.08 79 
LP-EC-GW-04C 1295.01 934.29 140.10 38.30 4.79 86 
LP-EC-GW-04D* 1359.88 971.82 145.09 39.79 4.85 85 
LP-EC-GW-04E 1361.27 987.93 129.60 38.92 5.88 85 
LP-EC-GW-05A* 1135.28 717.77 204.26 43.69 7.68 86 
LP-EC-GW-05B 1146.63 738.00 199.38 44.44 7.25 86 
LP-EC-GW-05C 1174.86 800.41 210.39 41.38 7.45 90 
LP-EC-GW-05D 1130.00 958.35 205.87 36.69 6.07 107 
LP-EC-GW-05E 1610.94 1043.00 162.37 65.74 4.97 79 
LP-EC-GW-05F 1555.95 1056.74 161.33 48.04 4.97 82 
LP-EC-GW-05G 1688.63 1194.52 190.32 53.53 6.71 86 
LP-EC-GW-06 769.53 484.34 159.02 37.94 5.22 89 
LP-EC-GW-07 768.77 464.14 155.68 36.94 6.37 86 
LP-EC-GW-08 55.26 42.95 2.71 1.55 0.92 87 
LP-EC-GW-09 56.66 40.07 3.97 1.47 0.69 82 
LP-EC-GW-10 54.18 41.23 2.93 1.75 0.78 86 
LP-EC-GW-11 78.12 2.08 33.81 24.63 2.33 80 
LP-EC-GW-12 79.98 1.47 39.86 23.13 3.29 85 
LP-EC-GW-13 78.79 1.65 49.26 22.93 0.67 95 
LP-EC-GW-14 79.51 1.51 44.36 23.24 1.68 89 
LP-EC-GW-15 1116.03 677.78 196.39 42.02 8.97 83 
LP-EC-GW-16 1134.83 927.00 200.23 46.20 7.71 104 
LP-EC-GW-17* 48.67 41.47 2.07 1.98 0.56 95 
LP-EC-GW-17 48.47 44.90 0.85 4.19 1.09 105 
Tap water (TW) 
LP-EC-TW-01J 610.53 276.30 207.26 28.49 4.24 85 
Note: * used for washing and cooking foodstuffs in Chapter 5, AsT – arsenic total, iAs
III – arsenite, iAsV – arsenate, MAV – 
monomethylarsonic acid, DMAV – dimethylarsenic acid. 
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Appendix C5 The concentrations of arsenic total and species (µg/l) and percentage 
recovery of arsenic based on the SPE methodology for southern Buenos 
Aires, BA-GW-# (section 3.4.3, Chapter 3). 
 
Samples code 
Arsenic (µg/l) Recovery 
(%) AsT  iAs
III
 iAs
V
 MA
V
 DMA
V
 
Rural groundwater (GW) 
BA-GW-01 118.53 0.38 104.81 6.06 0.12 94 
BA-GW-02 122.90 6.92 91.92 4.02 0.41 84 
BA-GW-03 82.34 0.56 89.44 6.78 0.96 119 
BA-GW-04* 74.91 0.24 57.21 5.68 0.39 85 
BA-GW-05 110.72 86.84 18.38 3.47 1.99 100 
BA-GW-06 118.96 68.20 2.00 2.86 3.11 64 
BA-GW-07 117.26 96.41 5.33 1.15 2.12 90 
BA-GW-08 107.01 52.75 30.81 23.85 1.16 101 
BA-GW-09 89.91 75.80 4.18 0.20 1.61 91 
BA-GW-10 119.27 43.99 46.18 4.66 1.15 80 
BA-GW-11 61.65 0.44 107.69 7.06 0.05 186 
BA-GW-12 91.89 0.78 73.63 4.30 2.39 88 
BA-GW-13 74.51 67.64 0.92 1.75 1.50 96 
BA-GW-14 189.40 101.63 46.27 4.28 4.36 83 
BA-GW-15 39.60 17.40 1.86 12.20 0.61 81 
BA-GW-16 111.80 3.92 78.02 16.62 1.36 90 
BA-GW-17 104.57 0.93 96.40 2.64 0.17 96 
BA-GW-18 106.58 0.86 106.37 3.56 0.05 104 
BA-GW-19 109.87 1.72 99.27 4.09 0.25 97 
BA-GW-20 112.80 1.47 96.04 4.33 1.67 92 
BA-GW-21 70.77 56.28 2.49 5.16 1.29 92 
BA-GW-22 59.07 58.19 0.43 2.02 1.25 105 
BA-GW-23 69.11 0.49 69.75 2.30 0.11 105 
BA-GW-24 82.29 0.37 37.89 24.69 6.92 85 
Urban groundwater (GW) 
BA-GW-25 102.28 0.25 100.90 3.12 0.16 102 
BA-GW-26 103.10 4.14 74.16 34.69 0.23 109 
BA-GW-27* 115.67 3.81 80.72 22.53 0.29 93 
BA-GW-28 100.00 1.28 112.84 4.47 0.15 118 
BA-GW-29 94.36 0.37 68.23 8.14 0.39 82 
BA-GW-30 95.36 0.49 77.60 2.47 0.12 85 
Note: * used for washing and cooking foodstuffs in Chapter 5, AsT – arsenic total, iAs
III – arsenite, iAsV – arsenate, MAV – 
monomethylarsonic acid, DMAV – dimethylarsenic acid. 
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Appendix C6 The analysis of anions in water by ion chromatography (IC) 
 
 
Appendix C6.1 Dionex ICS 5000 instrument operating conditions for anion analysis. 
 
 
 
Appendix C6.2 The example of calibration for anion (in this case is NO3
-
) standard concentration 
by IC Dionex ICS 5000. 
 
 
 
Appendix C6.3 Typical anion levels in selected water samples from study sites. 
 
Code/ location 
 
Concentrations of anions (mg/l) 
F
-
 Cl
-
 SO4
2-
 Br
-
 NO3
-
 PO4
3-
 
Surface water in control site of Rio Negro(RN) 
Present study  
(RN-SW-05) <0.04 4.99 1.36 <0.04 <0.08 <0.2 
Al Rawahi (2016) 0.06-0.51 NA NA NA NA NA 
O‘Reilly (2010) NA NA 14.6-25.3 NA <0.2-26 <1 
Groundwater of La Pampa (LP) 
Present study 
LP-GSM-GW-04 5.25 301.94 360.24 <0.04 1535.83 <0.2 
LP-EC-GW-01 0.03 52.39 292.46 21346.3 10.38 3.07 
LP-EC-GW-05 8.73 201.93 382.27 <0.04 506.97 0.22 
LP-EC-GW-04 4.72 150.05 311.91 <0.04 464.44 <0.2 
Al Rawahi (2016) 1.11-13.97 NA NA NA NA NA 
O‘Reilly (2010) NA NA 4.5-1879 NA 7.5-159 <1-2.3 
Note: F- - fluoride; Cl- - chloride; SO4
2- - sulphate; Br- - bromide; NO3
- - nitratae; PO4
3- - phosphate; RV – Rio Negro; ec-Eduardo Castex; 
GW -  groundwater. 
 
 
y = 0.2544x - 0.0158 
R² = 0.9998 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 1 2 3 4 5 6
P
ea
k
 a
re
a
 
Concentration of nitrate (mg/l) 
Parameters Typical operating condition 
Eluent Generator Potassium Hydroxide (KOH) 
Eluent concentration 22 mM 
Injection volume 20 μL 
Flow rate 0.25 mL/min 
Detector voltage 20 mV 
Oven temperature 35 °C 
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Appendix C7 The analysis of untreated and treated drinking water from reverse osmosis 
water treatment plant of La Pampa, Argentina. 
 
Appendix C7.1 The physicochemical parameters and arsenic concentration (total and species) of 
the treatment plant water samples collected from Santa Rosa, La Pampa. 
 
Note: Eh – redox potential (mV), EC – electrical conductivity (S/cm), TDS – total dissolved solids (mg/l), AsT – arsenic total, iAs
III – 
arsenite, iAsV – arsenate, MAV – monomethylarsonic acid, DMAV – dimethylarsenic acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Code 
Sampling 
point 
Physicochemical parameters Arsenic concentration (g/l) 
PH Eh EC TDS AsT  iAs
III iAsV MAV DMAV 
Recovery 
(%) 
Present study 
WT-01 
 
 
 
Water 
treatment-well 
(18 metres 
depth) 
8.00 
 
 
 
300 
 
 
 
2209 
 
 
 
1147 
 
 
 
43.00 
 
 
 
35.0 
 
 
 
13.0 
 
 
 
2.0 
 
 
 
0.1 
 
 
 
117 
 
 
 
WT-02 
 
 
 
Water 
treatment-rio 
Colorado 
(public) 
7.57 
 
 
 
15 
 
 
 
1305 
 
 
 
678 
 
 
 
9.38 
 
 
 
7.6 
 
 
 
0.7 
 
 
 
1.4 
 
 
 
0.1 
 
 
 
104 
 
 
 
WT-03 
 
 
 
Water 
treatment-Mix 
well +RCB 
rio Colorado 
7.20 
 
 
 
69 
 
 
 
1384 
 
 
 
1780 
 
 
 
7.28 
 
 
 
5.9 
 
 
 
0.5 
 
 
 
1.0 
 
 
 
0.1 
 
 
 
103 
 
 
 
WT-04 
 
 
 
Water 
treatment-
after reverse 
osmosis 
8.19 
 
 
 
72 
 
 
 
161 
 
 
 
84 
 
 
 
0.39 
 
 
 
0.1 
 
 
 
0.2 
 
 
 
0.1 
 
 
 
0.1 
 
 
 
111 
 
 
 
WT-05 
 
 
 
 
Water 
treatment-
after reverse 
osmosis (in 
tank) 
7.68 
 
 
 
 
91 
 
 
 
 
384 
 
 
 
 
199 
 
 
 
 
1.58 
 
 
 
 
0.1 
 
 
 
 
0.7 
 
 
 
 
0.8 
 
 
 
 
0.1 
 
 
 
 
106 
 
 
 
 
WT-06 
 
 
Water 
treatment-
selling point 
7.68 
 
 
91 
 
 
384 
 
 
199 
 
 
2.17 
 
 
0.2 
 
 
0.9 
 
 
1.0 
 
 
0.1 
 
 
101 
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Appendix C7.2 The total concentration of trace elements in water samples collected from 
treatment work in Santa Rosa, La Pampa province. 
 
Code Sampling point Concentration (µg/l) 
As V  Mn Fe Cu Zn Mo  U 
Present study 
WT-01 Water treatment-well (18 
metres depth) 
42.31 453.69 0.14 0.85 0.46 5.83 15.47 21.76 
WT-02 Water treatment-rio 
Colorado (public) 
9.33 56.80 0.07 1.25 0.54 12.60 4.28 1.98 
WT-03 Water treatment-Mix well 
+RCB rio Colorado 
7.25 53.81 0.05 0.85 0.84 7.59 4.04 2.37 
WT-04 Water treatment-after 
reverse osmosis 
0.32 3.00 <0.03 0.43 <0.09 5.08 0.12 <0.03 
WT-05 Water treatment-after 
reverse osmosis (in tank) 
1.58 11.26 0.03 3.03 0.17 2.04 0.77 0.37 
WT-06 Water treatment-selling 
point 
2.16 14.62 0.24 2.69 0.45 147.87 0.93 0.48 
O’reilly (2010) 
Untreated water (n=4) 216 NA <0.8 1 NA NA 0.1 NA 
Reverse-osmosis treated water (n=3) 0.7 NA <0.8 <7 NA NA 0.9 NA 
Farnfield (2012) 
Untreated water  86.3 231 4.8 6.5 NA <0.2 NA 25 
Reverse-osmosis treated water <0.2 4.0 3.9 3.0 NA <0.2 NA <0.001 
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Appendix C8 The elemental concentration of leaves (mg/kg d.w.), roots (mg/kg d.w.), soils (mg/kg d.w.) and waters (µg/l) collected from 
from control, south-eastern (SE-LP) and central-northern (CN-LP) of La Pampa and southern Buenos Aires. The concentration 
is reported as mean, standard deviation (s.d), minimum (min) and maximum (max). 
 
Study region 
Mean/s.d/  
min /max 
soil pH 
As Mo V Mn 
Leaves Roots Soils Waters Leaves Roots Soil Water Leaves Roots Soils Waters Leaves Roots Soils Waters 
Control 
Mean  8.51 0.30 1.05 5.88 4.33 1.15 0.57 1.12 1.54 1.30 3.49 146.78 14.59 73.76 103.73 1096.27 47.09 
s.d 0.67 0.13 0.50 1.82 4.87 0.56 0.32 0.29 0.79 0.77 0.62 35.98 20.23 25.64 50.92 413.88 57.17 
Min 7.80 0.11 0.57 4.11 1.19 0.49 0.24 0.62 0.40 0.44 2.70 92.70 1.98 45.84 61.13 687.19 0.79 
Max 9.73 0.50 1.91 9.09 11.77 2.36 1.17 1.57 2.29 2.97 4.53 198.20 45.29 122.20 189.80 1940.33 110.07 
SE-LP 
Mean  8.96 1.16 2.06 11.88 138.16 6.48 1.53 1.52 49.83 5.64 11.87 247.88 574.97 41.08 56.46 803.69 6.96 
s.d 0.82 0.92 2.02 8.77 112.61 13.19 1.22 0.67 28.44 5.88 12.09 311.84 385.37 15.15 28.56 201.17 10.91 
Min 6.68 0.04 0.38 5.86 18.03 0.52 0.46 0.72 12.73 0.34 1.51 100.59 92.81 13.40 14.61 363.52 0.22 
Max 9.98 4.17 6.37 42.81 319.39 76.00 4.47 2.72 85.04 22.30 39.71 1408.89 1185.62 78.36 100.02 1074.75 30.92 
CN-LP 
Mean  8.92 1.05 2.02 16.33 829.56 5.89 2.52 3.35 619.70 4.73 8.30 155.95 2388.04 50.13 41.36 615.01 1.11 
s.d 1.49 0.95 1.87 9.37 597.67 6.35 2.13 2.54 567.49 4.52 6.94 60.42 1798.62 23.85 21.88 72.75 0.25 
Min 6.37 0.04 0.11 6.29 48.93 0.71 0.80 0.92 17.70 0.35 0.50 77.04 192.02 14.66 10.39 464.18 0.83 
Max 10.21 3.04 6.00 37.25 1442.60 23.22 7.40 8.84 1362.44 16.42 22.47 263.19 4509.89 115.26 95.92 729.31 1.70 
S-BA 
Mean  7.68 0.98 2.00 9.18 105.75 3.81 1.53 1.99 46.29 5.41 7.06 213.54 440.79 49.72 40.07 880.14 0.70 
s.d 1.88 0.94 3.47 1.22 18.89 1.81 0.90 1.33 12.49 6.41 10.05 35.80 182.59 29.98 43.90 56.07 0.23 
Min 6.21 0.18 0.12 8.00 74.91 1.10 1.03 0.99 21.11 0.67 0.83 179.54 174.60 20.82 14.78 811.89 0.35 
Max 10.15 3.24 8.90 11.47 122.90 6.11 3.35 4.62 52.95 20.67 24.75 269.69 579.74 108.55 127.81 982.25 1.08 
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Appendix C9 The elemental concentration of leaves (mg/kg d.w.), roots (mg/kg d.w.), soils (mg/kg d.w.) and waters (µg/l) collected from 
control, south-eastern (SE-LP) and central-northern (CN-LP) of La Pampa and southern Buenos Aires. The concentration is 
reported as mean, standard deviation (s.d), minimum (min) and maximum (max). 
 
Study region Mean/ s.d/ min / max soil pH 
Fe Cu Zn 
Leaves Roots Soils Waters Leaves Roots Soils Waters Leaves Roots Soils Waters 
Control 
Mean  8.51 412.48 1198.21 41452.22 27.84 5.54 4.29 29.17 3.66 34.13 60.17 122.31 20.82 
s.d 0.67 248.58 257.66 8067.54 32.34 2.32 1.69 6.62 3.13 7.40 26.52 28.73 7.64 
Min 7.80 93.41 816.14 30549.26 3.27 2.61 2.85 19.98 0.67 18.93 33.86 96.71 14.01 
Max 9.73 848.32 1580.30 54559.27 79.13 10.38 7.97 36.50 8.60 45.42 113.79 184.54 34.51 
SE-LP 
Mean  8.96 665.16 1051.52 39453.02 531.47 4.85 6.72 58.27 4.51 106.44 144.60 212.34 44.07 
s.d 0.82 623.39 606.41 7332.43 1061.80 2.09 4.73 88.58 2.99 319.43 154.86 113.44 53.70 
Min 6.68 65.53 78.66 18965.89 5.54 1.64 2.67 23.24 0.76 14.22 20.75 89.32 4.16 
Max 9.98 2678.10 2321.64 54901.64 2745.21 10.22 21.04 389.15 9.59 1933.60 559.82 530.69 161.00 
CN-LP 
Mean  8.92 334.73 613.67 34471.54 20.23 2.95 2.41 26.68 0.93 102.63 187.65 1220.35 14.25 
s.d 1.49 221.92 331.26 4442.79 21.15 1.66 1.04 4.96 0.77 67.57 145.74 2062.99 4.91 
Min 6.37 45.56 213.24 26869.92 2.33 0.59 0.00 18.99 0.02 14.90 25.47 88.40 5.13 
Max 10.21 939.79 1133.93 42630.46 81.97 6.54 4.33 34.78 2.91 255.50 555.12 7181.67 20.88 
S-BA 
Mean  7.68 782.16 692.55 42928.08 18.24 4.75 4.28 30.55 2.89 39.24 34.78 173.68 8.80 
s.d 1.88 675.51 892.42 4879.33 38.15 2.31 5.07 2.43 4.02 22.35 11.66 8.47 8.97 
Min 6.21 173.41 165.08 37828.12 0.69 2.19 1.78 25.74 0.52 15.32 17.35 163.85 2.15 
Max 10.15 1863.06 2499.87 51121.05 96.04 7.68 14.53 32.33 11.04 84.62 48.16 183.69 24.86 
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Appendix C10 The elemental concentration (mg/kg d.w.) of As, Mo, V and Mn in surface soil and geochemical fractions (F1-F4) from 
control, south-eastern (SE-LP) and central-northern (CN-LP) of La Pampa and southern Buenos Aires. The concentration 
is reported as mean, standard deviation (s.d), minimum (min) and maximum (max). 
 
Study  
region 
  Mean/ 
Min/ max 
As concentration (mg/kg d.w.) Mo concentration (mg/kg d.w.) 
As-F1 As-F2 As-F3 As-F4 As-total Mo-F1 Mo-F2 Mo-F3 Mo-F4 Mo-total 
Control Mean ± s.d 
(% fraction) 
0.63±0.32 
(10.65±4.19) 
0.57±0.35 
(9.45±4.53) 
0.90±0.45 
(15.37±6.38) 
3.63±0.84 
(64.53±10.46) 
5.73±1.57 
 
0.02±0.10 
(2.06±0.92) 
0.03±0.01 
(2.38±1.05) 
0.22±0.13 
(19.33±8.31) 
0.81±0.17 
(76.23±9.82) 
1.09±0.28 
 
Minimum 0.15 0.15 0.18 2.66 4.11 0.005 0.005 0.05 0.51 0.62 
Maximum 1.15 1.18 1.48 5.28 9.09 0.04 0.05 0.44 1.05 1.57 
SE-LP Mean ± s.d 
(% fraction) 
2.41±4.93 
(13.66±19.58) 
1.21±2.39 
(7.28±7.98) 
1.35±1.37 
(11.93±4.83) 
5.87±2.53 
(67.12±26.56) 
10.85±7.72 
0.07±0.20 
(3.93±11.73) 
0.03±0.04 
(1.54±1.76) 
0.31±0.25 
(20.91±11.06) 
0.98±0.38 
(73.63±15.44) 
1.39±0.63 
 
Minimum 0.02 0.10 0.42 0.74 5.19 0.005 0.005 0.005 0.17 0.72 
Maximum 22.20 11.80 8.55 16.10 42.81 0.86 0.29 1.10 3.08 4.51 
CN-LP Mean ± s.d 
(% fraction) 
2.14±2.06 
(13.23±11.24) 
1.28±1.10 
(8.02±4.04) 
1.27±0.83 
(10.25±3.97) 
8.88±5.98 
(68.50±14.85) 
13.57±8.64 
0.05±0.06 
(2.07±1.74) 
0.05±0.05 
(2.04±1.34) 
0.70±0.75 
(23.05±13.54) 
1.80±1.70 
(72.84±15.81) 
2.60±2.29 
Minimum 0.04 0.16 0.48 4.67 6.20 0.01 0.01 0.08 0.38 0.86 
Maximum 6.46 3.26 4.69 27.27 37.25 0.31 0.19 2.57 7.22 8.84 
S-BA Mean ± s.d 
(% fraction) 
1.08±0.70 
(10.19±6.07) 
0.628±0.33 
(5.91±2.70) 
0.97±0.18 
(9.70±2.15) 
7.46±0.95 
(74.20±8.74) 
10.13±1.34 
0.09±0.17 
(3.24±3.36) 
0.07±0.06 
(3.10±1.34) 
0.68±0.45 
(32.15±8.50) 
1.11±0.31 
(61.51±11.01) 
1.94±0.93 
 
Minimum 0.14 0.19 0.72 4.64 7.76 0.02 0.01 0.11 0.74 0.88 
Maximum 2.40 1.24 1.29 9.29 12.12 0.83 0.25 1.70 1.98 4.62 
Study  
region   Mean/ 
Min/ max 
V concentration (mg/kg d.w.) Mn concentration (mg/kg d.w.) 
V-F1 V-F2 V-F3 V-F4 V-total Mn-F1 Mn-F2 Mn-F3 Mn-F4 Mn-total 
Control Mean ± s.d 
(% fraction) 
0.14±0.07 
(0.11±0.08) 
3.47±1.73 
(2.96±1.58) 
4.69±1.59 
(3.67±1.60) 
127.37±34.93 
(93.26±2.43) 
135.93±34.26 
81.92±35.89 
(9.64±5.77) 
328.16±285.33 
(30.81±11.79) 
24.91±7.46 
(2.66±0.53) 
536.56±172.72 
(56.88±11.10) 
971.54±396.14 
 
Minimum 0.04 1.76 2.23 82.56 92.70 19.70 132.79 14.25 306.47 573.13 
Maximum 0.25 6.04 6.71 192.58 198.20 135.65 1079.27 36.40 773.43 1940.33 
SE-LP Mean ± s.d 
(% fraction) 
8.88±35.72 
(1.78±4.40) 
32.66±93.32 
(9.49±13.72) 
12.20±25.96 
(4.60±3.45) 
144.57±82.67 
(84.13±18.65) 
198.31±223.78 
 
43.36±29.03 
(6.80±5.92) 
155.37±75.12 
(20.75±8.73) 
20.88±10.99 
(2.87±1.46) 
519.72±184.61 
(69.58±11.75) 
739.33±211.96 
 
Minimum 0.03 1.78 1.40 30.96 75.72 0.10 15.62 4.19 187.72 280.94 
Maximum 204.24 517.56 164.88 632.83 1408.89 161.41 294.34 46.62 855.47 1110.39 
CN-LP Mean ± s.d 
(% fraction) 
1.98±2.62 
(1.78±4.40) 
24.38±22.90 
(9.49±13.72) 
17.25±14.39 
(4.60±3.45) 
103.87±27.42 
(84.13±18.65) 
147.48±54.69 
 
53.86±20.82 
(8.68±2.99) 
193.27±59.73 
(32.04±11.34) 
(2.68±0.58) 
351.92±94.61 
(56.59±12.07) 
615.30±90.40 
 
Minimum 0.06 2.00 3.39 59.96 77.04 17.41 51.49 9.28 126.67 421.30 
Maximum 9.34 79.38 43.83 177.63 268.54 102.24 306.72 24.12 517.49 748.83 
S-BA Mean ± s.d 
(% fraction) 
0.74±0.56 
(0.31±0.23) 
9.19±5.52 
(3.95±2.28) 
5.99±1.61 
(2.65±0.79) 
212.83±27.48 
(93.08±2.98) 
228.75±28.83 
 
30.15±11.93 
(3.27±1.36) 
104.46±32.07 
(11.14±2.87) 
13.46±10.20 
(1.42±0.93) 
784.03±66.32 
(84.17±3.75) 
923.11±78.23 
Minimum 0.08 2.67 3.69 170.50 179.54 18.14 36.27 6.17 639.55 811.89 
Maximum 1.78 16.86 8.73 273.41 281.48 64.44 224.32 54.77 915.31 1123.09 
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Appendix C11 The elemental concentration (mg/kg d.w.) of Fe, Cu, and Zn in surface soil and geochemical fractions (F1-F4) from control, 
south-eastern (SE-LP) and central-northern (CN-LP) of La Pampa and southern Buenos Aires. The concentration is reported as 
mean, standard deviation (s.d), minimum (min) and maximum (max). 
 
Study  
region 
  Mean/ 
Min/ max Fe concentration (mg/kg d.w.) Cu concentration (mg/kg d.w.) 
Fe-F1 Fe-F2 Fe-F3 Fe-F4 Fe-total  Cu-F1 Cu-F2 Cu-F3 Cu-F4 Cu-total  
Control Mean ± s.d 
(% fraction) 
2.6±1.6 
(0.01±0.005) 
530.5±215.5 
(1.38±0.63) 
448.3±276.3 
(1.17±0.75) 
38596.9±7359.7 
(97.43±0.80) 
39579.3±7289.7 
 
0.31±0.22 
(1.26±1.02) 
2.28±2.10 
(8.79±8.39) 
1.40±1.19 
(5.64±5.31) 
22.49±7.12 
(84.31±8.24) 
26.48±7.25 
 
Minimum 0.46 298.34 102.99 29438.07 30549.26 0.06 0.56 0.27 13.02 15.00 
Maximum 5.84 966.86 975.52 54047.17 54559.27 0.78 7.13 3.69 31.35 36.50 
SE-LP Mean ± s.d 
(% fraction) 
3.4±4.4 
(0.01±0.02) 
903.4±634.7 
(2.90±3.21) 
445.1±470.3 
(1.32±1.58) 
36848.0±8800.9 
(95.77±4.03) 
38199.8±8185.1 
 
2.02±7.34 
(1.40±2.71) 
10.65±30.96 
(11.85±12.86) 
4.81±13.58 
(5.96±9.29) 
31.12±24.23 
(80.79±19.39) 
48.61±67.88 
 
Minimum 
0.40 359.83 55.58 11962.01 14301.31 0.03 0.78 0.29 0.99 16.61 
Maximum 23.09 3336.49 2485.92 53992.52 54901.64 37.09 167.88 72.52 176.44 389.15 
CN-LP Mean ± s.d 
(% fraction) 
1.7±0.7 
(0.01±0.02) 
568.6±402.4 
(2.90±3.21) 
167.7±80.7 
(1.32±1.58) 
33731.6±3643.8 
(95.77±4.03) 
34469.6±3837.7 
 
0.23±0.09 
(11.59±4.38) 
3.07±1.42 
(3.15±2.93) 
0.88±1.04 
(84.38±6.47) 
21.96±3.80 
(0.88±0.31) 
26.14±4.79 
 
Minimum 0.27 298.28 76.99 25900.19 26869.92 0.08 1.42 0.33 14.97 17.32 
Maximum 3.82 2145.99 329.91 40340.30 42630.46 0.43 6.89 5.68 28.39 34.78 
S-BA Mean ± s.d 
(% fraction) 
1.8±1.1 
(0.004±0.002) 
399.0±62.5 
(0.92±0.17) 
228.5±128.5 
(0.53±0.32) 
43390.8±4664.8 
(98.55±0.40) 
44020.1±4639.0 
 
0.24±0.30 
(0.82±1.19) 
2.27±0.58 
(7.50±2.39) 
0.49±0.17 
(1.55±0.35) 
28.20±5.26 
(90.13±2.79) 
31.20±5.19 
 
Minimum 0.75 305.31 90.51 34756.44 35226.18 0.07 1.19 0.31 21.44 25.27 
Maximum 6.59 576.82 546.14 52848.12 53526.41 1.61 3.05 1.02 46.60 50.13 
 
  Mean/ 
Min/ max 
Zn concentration (mg/kg d.w.)  
Zn-F1 Zn-F2 Zn-F3 Zn-F4 Zn-total      
Control Mean ± s.d 
(% fraction) 
3.86±3.41 
(3.26±2.65) 
16.70±14.76 
(13.60±8.84) 
2.19±0.72 
(1.95±0.45) 
88.66±18.47 
(81.19±11.50) 
111.40±30.13 
 
     
Minimum 0.57 3.86 0.82 65.50 71.64      
Maximum 11.21 49.73 3.26 123.51 184.54      
SE-LP Mean ± s.d 
(% fraction) 
 
21.95±53.63 
(7.37±11.68) 
43.47±75.64 
(15.00±12.33) 
9.86±31.75 
(2.91±3.57) 
125.93±70.33 
(74.72±22.92) 
201.2±177.0      
Minimum 0.17 2.53 0.79 52.27 89.32      
Maximum 320.20 441.82 229.75 544.04 1215.78      
CN-LP Mean ± s.d 
(% fraction) 
106.38±186.80 
(7.95±5.40) 
302.26±588.58 
(28.49±21.37) 
9.86±169.10 
(3.22±2.43) 
421.77±1087.86 
(60.35±26.43) 
893.01±1587.55 
 
     
Minimum 0.35 0.07 1.08 74.82 78.56      
Maximum 682.95 682.95 682.95 682.95 682.95      
S-BA Mean ± s.d 
(% fraction) 
25.64±48.42 
(5.92±6.96) 
25.64±48.42 
(5.92±6.96) 
25.64±48.42 
(5.92±6.96) 
25.64±48.42 
(5.92±6.96) 
25.64±48.42 
(5.92±6.96) 
     
Minimum 0.92 0.92 0.92 0.92 0.92      
Maximum 213.73 213.73 213.73 213.73 213.73      
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Appendix C12 Other trace elements in raw, washed and cooked rice samples (mg/kg d.w., mean ± standard deviation; n=3). The number in brackets 
represents the percentage increase/decrease in the elemental concentration compared to the initial levels in raw/unwashed rice. 
 
Varieties  Elements Raw / Unwashed  
Washed Cooked 
Tap water Groundwater Tap water Groundwater 
Variety 1 V 0.02 ± 0.001  0.02 ± 0.002 (-15) 0.01 ± 0.003 (-23) 0.01 ± 0.001 (-51) 0.01 ± 0.001 (-59) 
- Field irrigated with groundwater Cu 3.60 ± 0.03  2.78 ± 0.07 (-23) 3.27 ± 0.12 (-9) 3.16± 0.21 (-12) 3.16 ± 0.06 (-12) 
- Short, bold and polished Zn 6.27 ± 0.03  5.85 ± 0.26 (-7) 5.61± 0.39 (-10) 4.48 ± 0.34 (-29) 4.50 ± 0.05 (-28) 
  Mo 0.86 ± 0.10  0.75 ± 0.03 (-13) 0.74 ± 0.06 (-15) 0.36 ± 0.02 (-59) 0.40 ± 0.01 (-54) 
Variety 2 V 0.02 ± 0.001  0.02 ± 0.002 (-18) 0.02 ± 0.003 (-13) 0.01 ± 0.001 (-58) 0.01 ± 0.001 (-36) 
- Field irrigated pond water Cu 4.09 ± 0.01  2.84 ± 0.22 (-31) 3.21 ± 0.02 (-21) 3.88 ± 0.03 (-5) 3.72 ± 0.05 (-9) 
- Short, bold and polished Zn 9.64 ± 0.10  7.72 ± 0.23 (-20) 7.51 ± 0.36 (-22) 6.22 ± 0.12 (-36) 5.89 ± 0.10 (-39) 
  Mo 0.64 ± 0.03  0.55 ± 0.02 (-14) 0.53 ± 0.02 (-17) 0.31 ± 0.02 (-51) 0.20 ± 0.01 (-68) 
Gosai V 0.03 ± 0.001  0.02 ± 0.002 (-27) 0.02 ± 0.003 (-23) 0.01 ± 0.001 (-64) 0.01 ± 0.001 (-46) 
- Local market variety Cu 3.32 ± 0.05  1.79 ± 0.03 (-46) 2.53 ± 0.10 (-24) 2.77 ± 0.16 (-17) 3.02 ± 0.03 (-9) 
- Short, bold and polished Zn 7.04 ± 0.10  6.09 ± 0.10 (-13) 5.92 ± 0.05 (-16) 4.76 ± 0.12 (-32) 3.72 ± 0.10 (-47) 
  Mo 0.50 ± 0.02  0.43 ± 0.02 (-15) 0.45 ± 0.03 (-11) 0.29 ± 0.02 (-42) 0.23 ± 0.05 (-54) 
Shatabdi V 0.02 ± 0.001  0.02 ± 0.002 (-20) 0.02 ± 0.003 (-19) 0.01 ± 0.001(-66) 0.01 ± 0.001 (-47) 
- Local market variety Cu 2.71 ± 0.16  1.38 ± 0.21 (-49) 2.06 ± 0.03 (-24) 2.20 ± 0.11(-19) 2.62± 0.06 (-3) 
- Short, bold and polished Zn 6.69 ± 0.10  5.36 ± 0.10 (-20) 5.46 ± 0.37 (-18) 4.63 ± 0.26(-31) 4.50 ± 0.05 (-33) 
  Mo 0.46 ± 0.05 0.35 ± 0.03(-25) 0.41 ± 0.03 (-11) 0.24 ± 0.02(-48) 0.25 ± 0.03 (-46) 
Kohinoor® V 0.02 ± 0.001 0.02 ± 0.002 (-32) 0.02 ± 0.003 (-33) 0.01 ± 0.001 (-70) 0.01 ± 0.001 (-66) 
- Supermarket variety Cu 3.86 ± 0.11 2.63 ± 0.30 (-32) 2.86 ± 0.10 (-26) 1.81 ± 0.16 (-53) 1.82 ± 0.03 (-53) 
- Long, slender and polished Zn 10.43 ± 0.10 9.25 ± 0.15 (-11) 9.36 ± 0.34 (-10) 7.91 ± 0.10 (-24) 6.72 ± 0.22 (-36) 
  Mo 1.16 ± 0.05 0.97 ± 0.01 (-17) 1.04 ± 0.03 (-11) 0.46 ± 0.02 (-60) 0.36 ± 0.03 (-69) 
Lal Qila® V 0.02 ± 0.001 0.02 ± 0.002 (-58) 0.02 ± 0.003 (-62) 0.01 ± 0.001 (-78) 0.01 ± 0.002 (-77) 
- Supermarket variety Cu 4.95 ± 0.06 2.48 ± 0.07(-50) 2.79 ± 0.21 (-44) 3.61 ± 0.10 (-27) 3.98 ± 0.03 (-20) 
- Long, slender and polished Zn 10.27 ± 0.10   9.51 ± 0.05 (-7) 9.49 ± 0.29 (-8) 8.31 ± 0.10 (-19) 7.80 ± 0.06 (-24) 
  Mo 1.08 ± 0.03 0.89 ± 0.03 (-24) 0.89 ± 0.01 (-18) 0.49 ± 0.02 (-55) 0.38 ± 0.07 (-65) 
Mini Dawat® V 0.02 ± 0.001  0.02 ± 0.002 (-21) 0.02 ± 0.003 (-18) 0.01 ± 0.001 (-64) 0.01 ± 0.001 (-58) 
- Supermarket variety Cu 2.00 ± 0.11 1.27 ± 0.05 (-37) 1.90 ± 0.12 (-5) 1.42 ± 0.11 (-29) 1.90 ± 0.03 (-5) 
- Long, slender and polished Zn 13.77 ± 0.10 8.23 ± 0.26 (-40) 9.35 ± 0.16 (-32) 7.71 ± 0.17 (-44) 7.40 ± 0.38 (-46) 
  Mo 1.38 ± 0.10  1.02 ± 0.03 (-26) 1.14 ± 0.06 (-17) 0.56 ± 0.02 (-59) 0.59 ± 0.10 (-57) 
India Gate® V 0.02 ± 0.001 0.01 ± 0.002 (-24) 0.01 ± 0.003 (-31) 0.004 ± 0.001 (-80) 0.01 ± 0.001 (-62) 
- Supermarket variety Cu 1.86 ± 0.01 1.54 ± 0.09 (-17) 1.46 ± 0.16 (-22) 1.36 ± 0.01 (-27) 1.26 ± 0.10 (-32) 
- Long, slender and polished Zn 12.11 ± 0.10 11.19 ± 0.10 (-8) 10.29 ± 0.28 (-15) 8.60 ± 0.15 (-29) 7.83 ± 0.18 (-35) 
  Mo 0.99 ± 0.01 0.73 ± 0.04 (-26) 0.81 ± 0.01 (-19) 0.44 ± 0.05 (-55) 0.44 ± 0.01 (-55) 
Patanjali® V 0.02 ± 0.001 0.02 ± 0.002 (-26) 0.02 ± 0.003 (-16) 0.01 ± 0.001 (-67) 0.01 ± 0.001 (-68) 
- Supermarket variety Cu 2.69 ± 0.05  0.98 ± 0.07 (-64) 1.46 ± 0.17 (-46) 2.32 ± 0.08 (-14) 3.16 ± 0.03 (+17) 
- Long, slender and polished Zn 10.61 ± 0.101 8.38 ± 0.18 (-21) 9.23 ± 0.17 (-13) 6.29 ± 0.26 (-41) 7.69 ± 0.13 (-27) 
  Mo 1.19 ± 0.10 0.93 ± 0.03 (-22) 1.01 ± 0.01 (-15) 0.56 ± 0.02 (-53) 0.44± 0.03 (-63) 
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Appendix D1 Kruskal Wallis H Test for all parameters of groundwaters (N=93) at degree 
of freedom of 3 (2- sided test).       
  = 11.04. 
 
Parameter Mean 
       
 
 
Pairwise comparison 
(region-region) 
      
  Parameter Mean 
       
  
Pairwise comparison 
(region-region) 
      
  
pH 20.02** SE-LP – BA -2.6 V 29.78** 
 
Control - BA 41.83** 
SE-LP – Control 4.96 Control – SE-LP 44.62** 
SE-LP – CN-LP 33.8** Control – CN-LP 57.08** 
BA - Control 2.35 BA – SE-LP 2.78 
BA- CN-LP 31.21** BA – CN-LP 15.25 
Control - EC - LP 28.87* SE-LP - CN-LP 12.466 
Cond. 36.54** Control - BA 37.22** Mn 14.06** BA – CN-LP 8.27 
Control – SE-LP 46.36** BA – SE-LP 20.73* 
Control - EC - LP 63.18** BA - Control 29.28* 
BA – SE-LP 9.14 CN-LP – SE-LP 12.45 
BA- CN-LP 25.96* CN-LP - Control 21.01 
SE-LP – CN-LP 16.82 SE-LP - Control  8.59 
TDS 37.28** Control - BA 36.55** Fe 8.05* BA – CN-LP 1.00 
Control – SE-LP 46.79** BA – SE-LP 1.63 
Control - EC - LP 6.44** BA - Control 16.86 
BA – SE-LP 10.24 CN-LP - Control 0.63 
BA- CN-LP 26.89 CN-LP – SE-LP 15.85 
SE-LP – CN-LP 16.65 Control – SE-LP 15.22 
Eh 40.94** 
 
CN-LP - Control 10.79 Cu 21.96** BA – CN-LP 8.27 
CN-LP - BA 41.44** BA – SE-LP 20.72* 
CN-LP – SE-LP 44.07** BA - Control 29.28* 
Control – SE-LP 30.65* CN-LP - Control 21.02 
Control - EC - LP 33.29** CN-LP – SE-LP 12.45 
BA – SE-LP 2.63 Control – SE-LP 8.56 
As 27.63** Control - BA 44.73** U 48.52** Control - BA 37.28 
Control – SE-LP 43.01** Control – SE-LP 37.86 
Control - EC - LP 53.74** Control - EC - LP 73.39 
SE-LP-BA 1.72 BA – SE-LP 0.58 
SE-LP – CN-LP 10.71 BA- CN-LP 36.11 
BA – CN-LP 8.99 SE-LP – CN-LP 35.53 
Mo  24.63** Control - BA 26.30* Zn 2.04 Null hypothesis was retained, no 
significant different 
Control – SE-LP 39.20**     
Control - EC - LP 49.09**     
SE-LP-BA 12.90     
SE-LP – CN-LP 22.79*     
BA – CN-LP 9.90     
*    significant at the 0.05 level (2-tailed). 
**  significant at the 0.01 level (2-tailed). 
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Appendix D2 Statistical correlations (Spearman) between inorganic species and other 
parameters studied of all groundwater sample locations. 
  
  
pH cond TDS Eh iAs III iAsV Mo Mn Fe V Cu Zn U 
pH 1 
            
cond 0.052 1 
           
TDS 0.046 0.978** 1 
          
Eh -0.277* -0.158 -0.165 1 
         
iAs III -0.002 0.677** 0.664** -0.282* 1 
        
iAs V 0.194 0.290* 0.326** 0.075 0.125 1 
       
Mo 0.087 0.545** 0.551** -0.121 0.447** 0.619** 1 
      
Mn -0.005 -0.122 -0.110 -0.150 0.078 -0.384** -0.189 1 
     
Fe 0.084 -0.269* -0.246* 0.042 -0.038 -0.067 -0.060 0.540** 1 
    
V -0.029 0.548** 0.580** -0.036 0.623** 0.659** 0.752** -0.14 -0.018 1 
   
Cu -0.053 -0.129 -0.107 0.265* -0.190 0.054 -0.028 0.083 0.384** 0.003 1 
  
Zn 0.125 -0.233* -.244* 0.024 -0.015 -0.099 -0.302 0.355** 0.480** -0.155 0.343** 1 
 
U 0.215 0.616** 0.660** -0.260* 0.568** 0.399** 0.402** -0.116 -0.07 0.571** -0.177 -0.201 1 
Note: ** Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed); cond – conductivity; TDS – total dissolved 
solid; Eh – redox potential. 
 
Appendix D3 Binary correlation study for other trace elements for plant leaves (n = 78) 
and roots (n=41) across all study regions. All the values represents the     
Spearman correlation coefficient. A refers to the correlation samples with 
associated leaf material. whilst B relates to the association where root 
material was available. 
 
Element Plant  
parts 
Spearman correlation coefficient     
Soils  
vs. water  
F1 vs. water  Plants vs. 
water 
Plants vs 
soils  
Plants  vs. 
F1  
V (A) leaves  0.332** 0.611** 0.487** 0.376** 0.462** 
(B) roots 0.471** 0.769** 0.546** 0.416** 0.690** 
Mn (A) leaves  0.088 0.032 0.195 0.261* 0.036 
(B) roots 0.219 -0.086 0.303 0.282 0.083 
Fe  (A) leaves  0.108 -0.044 0.067 0.111 -0.119 
(B) roots 0.109 -0.144 0.310* 0.215 0.138 
Cu (A) leaves  0.043 -0.002 0.224* 0.095 0.11 
(B) roots 0.095 0.007 0.407** 0.289 0.285 
Zn (A) leaves  0.108 0.225* 0.139 0.420** 0.530** 
(B) roots -0.164 0.006 0.263 0.407** 0.624** 
Note: ** Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed); F1 – 
soil exchangeable fraction. 
 
 
 
 
 
 
 
 
     
370 
 
 
 
 
 
 
 
Appendix E 
Publication: Jaafar et al. (2018) 
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